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The development of hard tissues such as bone and teeth are examples of 
biomineralization processes in which organisms actively direct mineralization.  The formation of 
hard tissues is a highly regulated process involving the coordination of extracellular matrix 
production by the cells and the mineralization of the matrix network regulated by proteins 
secreted by the cells.  The formation of these tissues follows a sequence of events in a spatial and 
temporal manner dictated by cellular processes.  In addition to the cells involved in the formation 
and remodeling of hard tissues, such as osteoblasts (OBs) and osteoclasts (OCs) in bone, other 
cell-types, such as breast and prostate tumor cells, can interact with bone.   
Two strategies were taken in this thesis to understand how cells are involved in the 
mineralization process.  Cell culture systems were designed to examine cell-mineral interactions 
or to examine cell-mediated mineral formation.  Chapter 1 discusses the requirements for 
sustaining cell viability and function as well as the various components involved in designing 
cell culture systems such as cell source, culture method, and mineral source.   
Culture systems to study cell-mineral interactions require an environment containing the 
mineral of interest for cells to be cultured upon.  Hydroxyapatite (Ca10(PO4)6(OH)2, HA) is the 
main mineral component of bone and has been noted to change in size, shape, and crystallinity 
with age, anatomical location, and disease progression.  Chapter 2 describes a two-step method 
for synthesizing hydroxyapatite nanoparticles with controlled shape, size, and crystallinity in 
order to evaluate how differences in HA crystal properties can affect cellular response. 
Three culture systems were developed and described in this work.  Two systems were 
developed to utilize the synthetic hydroxyapatite nanoparticles (prepared in Chap. 2) for 
examining cell-mineral interactions.  In Chapter 3, dry-annealed synthetic and commercial HA 
particles were combined with polylactide(co-glycolide) (PLG) and spin-coated onto glass 
substrates to form a film of PLG-HA to examine how changes in crystallinity can affect OB 
attachment and matrix production.  Chapter 4 describes the integration of a series of 
hydrothermally aged HA nanoparticles into porous PLG scaffolds to examine breast cancer cell 
response to various HA nanoparticles with discrete sizes.  Finally, Chapter 5 details the third 
system designed for culturing cells in a 3-D gel system that allows for the presence of 1-D 
gradients to study cell-mediated mineral formation with articular chondrocytes. 
Due to the breadth of components involved, designing culture systems for mineralization 
studies are complex and selection of cell source, culture method, and mineral source should be 
dictated by research questions of interest of particular aspects of these processes (Chapter 1).  
Chapter 2 demonstrates how controlling for reactant salts, reactant concentration, reaction 
duration, and reaction volume in the initial precipitation step leads to changes in shape (e.g., 
rounded to plate-like) and phase (e.g., brushite to HA) while further post-processing techniques 
can be applied to tune phase, size, crystallinity, and dispersity.  Surfaces containing dry-annealed 
particles increased fibronectin secretion from osteoblasts in Chapter 3, however this response 
was not due solely to an increase in crystallinity, and other changes to the surfaces due to heat 
treatment need to be examined.  Breast tumor cells in Chapter 4 attached better on scaffolds 
containing smaller, less crystalline HA, however interleukin-8 (IL-8) secretion was upregulated 
in cells cultured on scaffolds containing larger, more crystalline HA, indicating IL-8 as a 
potential factor in facilitating breast cancer tumor metastasis processes.  Chapter 5 establishes a 
3-D culture system which can support cell viability and matrix production with future work to 
optimize the system for culturing cells under mineralizing gradients.  
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CHAPTER 1 
INTRODUCTION: DESIGN REQUIREMENTS FOR CELL CULTURE SYSTEMS FOR 
MINERALIZATION STUDIES 
 
 
 
 
 
 
1.1 Abstract 
 
The development of cell culture systems to understand cell-mineral and cell-mineralization 
interactions with hydroxyapatite (HA, Ca10(PO4)6(OH)2), the main mineral component of bone, 
is a growing field due to the need for better bone-regeneration and bone-healing materials for 
bone repair.  The growth, development, and healing of hard tissues such as bone and teeth is a 
complex process dictated by cell function and response to the bone microenvironment.  
Furthermore, bone is a living tissue that changes with time as bone remodels with age and in 
response to disease pathology.  In order to understand these processes, it is necessary to develop 
model systems that break down this process into simpler components.  Chapter 1 discusses the   
design requirements for developing cell cultures for mineralization studies. 
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1.2 Introduction 
 
Cell culture systems for mineralization studies are valuable tools to understand the 
development, healing, and breakdown of hard tissues. The processes by which mineralized 
tissues are formed are complex and involve cellular processes, the extracellular matrix (ECM), 
noncollagenous proteins (NCPs), and ion gradients [1].  To break down the complexity, in vitro 
models can be designed to investigate particular components associated with the mineralization 
process.    Due to the breadth of questions and large number of components associated with the 
mineralization process, cell culture systems for mineralization studies are designed to examine 
specific cell-mineral interactions or cell-mediated mineral formation processes.  This thesis 
focuses on designing cell culture systems to examine cellular behavior with changes in the 
mineral hydroxyapatite (cell-mineral interaction) and how the presence of cells can affect the 
formation of hydroxyapatite (cell-mediated mineral formation). 
Hydroxyapatite (HA), chemical formula Ca10(PO4)6(OH)2 is the hard component of 
mineralized tissues such as bone and teeth.  For example, HA comprises up to 96 wt% of tooth 
enamel and 70 wt% of bone [2].  The other components include the extracellular matrix (ECM) 
made up of collagen (bone) or amelogenin (tooth enamel), noncollagenous proteins (NCPs), and 
water.  The HA and ECM act as a composite material and contribute properties such as 
toughness and stiffness to mineralized tissues allowing for functions such as mobility, organ 
protection, and food processing [3, 4].  In addition to bone and teeth, a gradient of HA is also 
found at the osteochondral interface between subchondral bone and articular cartilage [5].  The 
gradient of mineral allows for the transition of forces from the stiff bone to the more compliant 
cartilage.   
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Cells play an important role in the formation, maintenance, and healing of mineralized 
tissues.  For example, the bone microenvironment is constantly being remodeled by bone cells.  
Osteoblasts (OBs) are the bone cells responsible for the production of new bone.  The OBs 
deposit an extracellular matrix, the osteoid, comprising of mainly of collagen type I and assist in 
the mineralization of the osteoid to form new bone [6].  Overtime, as OBs become enclosed 
within bone, some become osteocytes, and continue to interact with the bone matrix.  Osteoclasts 
(OCs) are bone cells that break down old or damaged bone.  In addition to secreting the matrix 
framework for mineralization and clearing away old bone, osteoblasts and osteoclasts also play 
multiple roles in controlling and modulating the mineralization process.  These cells produce an 
assortment of NCPs involved in the mineralization process by acting as controls for cell binding 
and regulation of mineralization during the crystal nucleation and growth process of HA [7].  In 
addition to the cells found in bone, other cell types also interact with bone and HA.  At the 
osteochondral interface, deep-zone articular chondrocytes in cartilage are embedded in a gradient 
of mineral [8] and have the ability to influence the formation of the mineralized region of 
cartilage [9, 10].  In advanced stages of several cancers, tumor cells can metastasize to bone [11].  
The regions of bone with metastatic tumor cells are at risk of forming osteolytic or osteoblastic 
lesions.  The cancer cells interact with the bone cells and therefore alter the mineral environment 
and respond to changes in environmental cues.  
 Cells are sensitive to their surrounding environment and changes in surface roughness 
[12], the presence of nano-sized compared to micro-sized surface features [13, 14], and mineral 
phase [15] have evoked different cellular responses in OBs and OCs. In addition, as a function of 
tissue age, anatomical location, and disease progression, the mineral component HA in tissues 
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can change in size [16, 17], crystallinity [18, 19], and density [20].  These changes influence the 
microenvironment of the tissue.  
Hard tissue development is dictated by cellular function in producing the ECM and 
utilizing NCPs to regulate the mineralization of the ECM [21].  Culture systems have been 
developed to examine the mineral formation process by culturing cells to confluence on surfaces 
to allow matrix formation then mineral formation by adding phosphate to the cultures [22, 23].  
Other methods attempt to recreate tissues in 3-D scaffolds before inducing mineral formation in 
vitro [24, 25].  These methods lack controls to study the mineralization process in a spatial and 
temporal manner.   
In vitro models can be designed to examine cell-mineral interactions and cell-mediated 
mineral formation to determine their roles in the bone mineralization and healing process. This 
thesis dissertation discusses the development of in vitro models to better understand the bone 
mineralization process via two approaches: designing cell culture systems to examine cell-
mineral interactions and cell culture systems to examine cell–mineral formation.  In pursuit of 
understanding how changes in the environment due to changes in HA such as size and 
crystallinity can affect cell response to examine cell-mineral interactions, synthesis methods for 
obtaining HA of specific size and crystallinity were developed.  The HA was then introduced 
into two different culture systems: polymer films on glass substrates and 3-D porous polymer 
scaffolds.  Towards examining cell-mediated mineral formation, a 3-D culture system was 
developed to introduce ion gradients relevant to mineralization to cells for study of the spatial 
and temporal changes regulated by cells during the formation of mineral.  This work presents the 
design requirements necessary for developing cell culture systems to study mineralization 
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processes of hard tissue through the development of cell culture systems that examine cell 
response to changes in the microenvironment and cell regulation of the formation of HA. 
 
1.3 Experimental Design Requirements 
1.3.1 General Requirements for Culturing Cells 
The standard consideration for systems to examine cell-mineralization interaction is the 
merging of the requirements for maintaining cell health and functionality and the requirements 
for stable HA and/or ions for the formation of HA [1].  Conditions for cell culture are more rigid, 
as most cell types require an environment of 37.5 ºC, pH 7.4, 5% CO2, humidity, and a source of 
nutrients for the cells.  The most common source of nutrients supplied to cell cultures are liquid 
nutrient media containing a combination of salts, amino acids, vitamins, and sugar to support cell 
growth and proliferation.  The formulation of the nutrient media is not uniform for all cell types 
and is selected based on the cell type and cell source [26].  Media cultures are further 
supplemented with additives such as fetal bovine serum (FBS), antibiotics/antimycotics 
(AB/AM), ascorbic acid, and other growth factors which improve cell growth, prevent infections, 
and enhance ECM production.  The following sections further describe individual components 
required for designing cell culture systems such as the selection of cell source, the culture 
method, and source of HA mineral (Fig 1.1). 
 
Figure 1.1:  Schematic of the components necessary in designing cell culture systems for 
mineralization studies. 
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1.3.2 Cell Source Selection: Primary Cells vs. Cell Lines 
Cells can be obtained from a number of sources.  The cell types utilized in the thesis are 
primary human osteoblasts, primary bovine articular chondrocytes, and MDA-MB231 cells from 
a tumor cell line.  Primary cell sources are harvested directly from the tissue of interest, such as 
long bones or the periosteum, and cells are obtained via enzyme digestion [27, 28].  Primary 
cells provide a close analog of what occurs in vivo.  Tumor cell lines are convenient for 
reproduction of large quantities of genetic clones and have the same response and phenotype 
under the same experimental conditions [29].  However, due to the genetic modification, cells 
from cell lines do not fully reflect the in vivo response and can be selected to have specific 
responses such as the preferred attachment of MDA-MB231 cells to bone [30]. 
 
1.3.3 Culture Methods: 2-D, 3-D, and Encapsulation 
In addition to providing an environment suitable for cell growth (Section 1.3.1) and 
selecting the cell source (Section 1.3.2), geometrical considerations of the culture system should 
be taken into account.  Cells can be grown on surfaces in 2-D cultures in flasks or petri dishes.  
Surface cultures allow for high proliferation rates, easy exchange of gases and wastes, and 
replenishment of nutrients.  Progression of the culture can be easily examined via optical 
microscopy and other surface techniques such as atomic scanning microscopy [1].  However, the 
cellular growth and development on flat surfaces can lead to changes in cell phenotype which 
can induce cell differentiation into different cell types [31]. To present a more biologically 
relevant environment, cells can be cultured in 3D systems or via encapsulation within a matrix. 
3D cultures such as porous polymeric scaffolds provide limited surface area for proliferation, 
which also limits access to nutrients or molecules of interest depending on the distance from the 
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edge of the construct [32, 33].  In the case of encapsulation, where cells are surrounded by the 
culture medium such as in hydrogels, cells have access to molecules of interest and nutrients via 
diffusion; however they are also generally isolated from other cells [35]. Tumor cells grown in 3-
D scaffolds were able to more closely mimic tumor tissue compared to the same cells cultured on 
surfaces [32].  Osteoblast-like cells MC3T3 had different levels of gene expression in 2D 
compared 3D culture environments [36].  Culture systems in 2-D (Chapter 3), 3-D (Chapter 4) 
and encapsulation (Chapter 5) were investigated in this thesis. 
 
1.3.4 Conditions for Introducing Hydroxyapatite to Cells 
The solubility of HA is relatively low, with a Ksp of 6.62x10-126 at 25°C [37].  Under the 
conditions for cell culture in the absence of cells, HA particles are stable and show little evidence 
of dissolution [30] indicating the suitability of introducing HA nanoparticles into culture systems 
to examine the interaction with cells.  HA can be obtained through commercial sources as well as 
synthesized in the laboratory [38, 39].  However, the nanometer length scales of most of these 
sources of HA make HA particles susceptible to phagocytosis by cells, which can induce an 
inflammatory response [40].  For examining surface interactions of cells with HA, platforms are 
necessary to present HA to cells to avoid phagocytosis.  Embedding HA particles into a polymer 
scaffold prevents cells from taking in HA particles while presenting a surface for cells to interact 
with the HA.  This method is utilized in Chapters 3 and 4 for examining how cells interact with 
different types of HA. 
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1.3.5 Conditions for the Formation of Hydroxyapatite In Situ 
Additional challenges arise for culture systems that induce the formation of HA in situ.  
Culture systems designed to induce mineralization add relatively low concentrations of calcium 
and phosphate (Ca X P 5.5 mM2) to the media at ratios favorable for HA [22, 41].  Cells are able 
to sequester the calcium and phosphate ions to form mineral in culture.  Alternatively, formation 
of mineral can be imposed on the cells within gel systems by increasing the concentration of 
calcium and phosphate ions introduced to the culture, however, challenges arise as the higher 
concentration of ions interact more readily with culture buffers for pH and with the mineral 
inhibitors in serum [10, 42].  These concerns are further addressed in Chapter 5.  
 
1.4 Thesis Summary 
The objective of this thesis work was to develop cell culture systems to understand the 
role of the mineral component HA in providing environmental cues for cells and to understand 
the role of cells in modulating the formation of the HA mineral during the mineralization 
process.  These culture systems needed to maintain cell viability and function in the presence HA 
or ion gradients for the formation of HA.  Two strategies were applied to the design of these 
systems to investigate cell-mineral interaction and cell-mediated mineral formation.   
In the first approach to examine cell-mineral interactions, methods to synthesize HA with 
a range of size and crystallinity were developed.  HA in hard tissues come in a variety of sizes, 
crystallinities, and morphologies.  To investigate how these parameters impact the environment 
in contact with cells, a range of HA particles with differences in size, crystallinity, and 
morphology need to be obtained synthetically.  Commercially available particles are the most 
commonly used source of HA.  However, these particles often have a wide range of sizes and 
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contain impurities.  Chapter 2 describes a two-step synthesis method for HA which allows for 
tuning of the HA properties at multiple points of the synthesis process to obtain populations of 
HA particles with well-defined sizes, crystallinities, and morphologies. 
Chapter 3 utilizes dry annealed HA precipitate synthesized by methods described in 
Chapter 1 to investigate how heat treatment induced changes in crystallinity and other factors can 
affect cellular response.  HA precipitate was mixed with poly(lactide-co-glycolide) (PLG) and 
spin-coated onto glass substrates.  Primary human osteoblasts were obtained from patients 
undergoing knee replacement surgery and cultured onto the surfaces.  OB sensitivity to the 
changes in HA properties induced from heat treatment were evaluated by examining differences 
in adhesion, spreading, metabolic activity, and fibronectin production of the cells cultured on the 
surfaces. 
Pursuing the question of crystallinity further, Chapter 4 describes the incorporation of 
HA with size and crystallinity differences obtained through hydrothermal aging of HA 
precipitates by methods described in Chapter 1 into porous PLG 3-D scaffolds.  Scaffolds were 
seeded with MDA-MB231 breast cancer cells.  Tumor cell adhesion, proliferation, and protein 
secretion on the scaffolds were evaluated to determine the influence of HA size and crystallinity 
on tumor cell response. 
In the second approach to examine cell-mediated mineral formation, a system was 
developed to encapsulate cells in an environment suitable for HA crystal growth in situ. Chapter 
5 describes how primary bovine articular chondrocytes were encapsulated by agarose gel in a 3-
D gel diffusion system to understand how the presence of cells can influence the presence of ion 
gradients for mineral formation.  The culture system was optimized to sustain cell viability and 
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matrix production.  Preliminary results from introducing gradients of calcium and phosphate for 
mineralization are included in Chapter 5. 
 
 
1.5 Conclusions 
 
Understanding the mineralization process of biological organisms in developing their 
skeleton can assist in the design and development of the next generation of hard tissue repair 
materials.  Replicating similar mechanisms utilized by nature to control the nucleation, growth 
and morphology of bone mineral HA will provide materials with similar properties to that of 
native tissue and allow for the study of where these crystals are formed and how they are 
organized within the body.  Through the development of these in vitro models to examine cell-
mineral and cell-mineralization interactions, I hope to further the understanding of bone 
development, regeneration, and healing.   
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CHAPTER 2 
SYNTHESIS METHODS FOR HYDROXYAPATITE NANOPARTICLES WITH 
CONTROLLED SIZE, SHAPE, AND CRYSTALLINITY 
 
Contributors:  Wangzhong Sheng, Jason Dorvee, Lara Estroff 
 
2.1 Abstract 
With age, anatomic location, and disease progression, the mineral component of bone, 
hydroxyapatite (HA, Ca10(PO4)6(OH)2), changes. Variations in the bone microenvironment, 
which result in part from the materials properties of the HA nanocrystals, may lead to variation 
in cellular response and functions of cells in contact with bone. To investigate the effect of 
specific HA properties on cellular response, it is necessary to develop reproducible synthesis 
methods for producing HA with specific size, shape and crystallinity. This chapter describes a 
method to synthesize HA nanoparticles with controlled size, shape, and crystallinity via a two-
step process.  The first step is to precipitate HA from calcium and phosphate salts in solution.  
Initial parameters such as choice of ionic salts and reaction volume were varied to evaluate their 
effect on HA precipitation.  In the second step, the HA precipitate was subject to “post-
processing” steps such as dry-annealing, hydrothermal aging, and dialysis to obtain narrow 
distributions in size, shape, and crystallinity of HA nanoparticles.  The phase of the precipitate 
was identified by x-ray diffraction (XRD), crystallinity characterized with fourier transform 
infrared spectroscopy (FTIR), and shape examined via transmission electron microscopy (TEM).  
Particles were utilized in studies described in Chapters 3 and 4 of this thesis.  The results of this 
work will provide further insight into how HA nanoparticles can be used to determine the effects 
of specific properties of HA, such as crystallinity, chemical composition, and size, on cellular 
activity and, ultimately, bone regeneration and healing.   
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2.2 Introduction 
Hydroxyapatite (Ca10(PO4)6(OH)2, HA) found in mineralized tissues come in a wide 
variety of shapes, such as nanoplatelets in bone [1] and rods in tooth enamel [2].  Pathological 
mineralization of soft tissues have also been observed, e.g. spherical and needle-like HA, in 
healthy heart valves and transplanted porcine heart valves [3, 4].  Changes have been noted in 
HA plate thickness [5, 6] and crystal size and order (crystallinity) [7] with organism age.  HA 
crystal thickness and bone heterogeneity has also been observed to be affected by disease 
progression and drug treatment in osteoporotic mice and patients [8, 9].  These changes in HA 
properties can lead to changes in the bone microenvironment and may regulate cellular response 
[10, 11].   
Cell behavior has been demonstrated to be affected by mineral characteristics such as 
phase, size, and crystallinity.  Osteoblasts (OBs) cultured with different phases of calcium 
phosphate (CaP) such as HA, tricalcium phosphate (TCP), and amorphous calcium phosphate 
(ACP) have shown varying levels of osteoconduction, adsorption, and proliferation [12, 13].  
Other cell types, such as osteoclasts, demonstrated differences in differentiation on surfaces with 
similar roughness, but different phases of CaP such as HA and TCP [14].  Nanoparticle size has 
been observed to affect the adsorption of proteins [15, 16] and influence attachment of cells [17, 
18].  HA crystallinity has also shown to affect adsorption and proliferation of cells as well as the 
adsorption of proteins relevant for cellular function in attachment and tissue formation [13, 19-
21].  These studies show the sensitivity of cells to differences in mineral properties in vitro, 
however, much of the work utilizes CaP materials with a wide dispersity of sizes with few 
controls over the nanoscale materials properties. 
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The variety of HA size, shape, and morphology in biology, requires the development of 
synthetic methods to obtain HA with a range of properties to investigate how these properties 
can regulate cell response.  Commercially available HA particles are heterogeneous in size, 
shape, and chemical composition [16, 22].  Synthesis methods to obtain HA nanoparticles with 
narrow size distributions often depend on the presence of surfactants or on fractionation which 
introduces organic impurities to the HA and provide lower yields [23-26].  This chapter details a 
two-step process, which begins with the precipitation of HA from aqueous solutions of soluble 
calcium (Ca) and phosphate (P) salts, followed by a selection of post-processing methods of the 
precipitate to obtain HA nanoparticles with controlled size, shape, and crystallinity. 
 
2.3 Materials & Methods  
2.3.1 Step I: Aqueous Precipitation of Hydroxyapatite Nanoparticles 
What follows is a general procedure for aqueous precipitation of HA from Ca and P salts.  
All chemicals were obtained from Sigma Aldrich and used as received.  Ca salts 
(Ca(NO3)2•4H2O, CaCl2•2H2O) and P salts (Na2HPO4, (NH4)2HPO4) were dissolved in deionized 
water (DI-H2O) at particular concentrations as described in the following experimental sections.  
The pH of the Ca and P solutions was adjusted with 0.1 M HCl for reactions with CaCl2, 0.1 M 
HNO3 for Ca(NO3)2•4H2O, 0.1 M NH4OH for (NH4)2HPO4, and 0.1 M NaOH for Na2HPO4.  The 
pH of the reactants was brought to pH 9-9.5 before mixing and not maintained through the 
course of the reaction.  All solutions were passed through a 0.45 μm pore-size filter (Whatman) 
before mixing.  Reaction temperature was maintained at 4 ºC via an ice-water bath for first 6 hrs 
then allowed to warm to room temperature with further stirring.  P solutions were added drop-
wise from 18 gauge syringes (PrecisionGlide®) at a rate of 6.7 ± 0.5 mL/min by hand, timed in 
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minute intervals, into Ca solutions in an ice-water bath with rapid stirring until a Ca to P of 1.67 
was obtained.  Variables examined in Part I of the synthesis method were precursor salts (Section 
2.3.1.1), reaction time (Section 2.3.1.2), and volume of the reaction (Section 2.3.1.3).  
  
2.3.1.1 Precursor Salts 
The effect of the precursor salts on the precipitate was examined through conducting 
precipitation reactions with four combinations of reactants: A) CaCl2•2H2O with Na2HPO4, B) 
CaCl2•2H2O with (NH4)2HPO4, C) Ca(NO3)2•4H2O with Na2HPO4, and D) Ca(NO3)2•4H2O with 
(NH4)2HPO4 (Table 2.1).   Reactions were conducted as described in Section 2.3.1.  300 mL of 
10 mM phosphate solution was added drop-wise to 500 mL of 10 mM Ca solution under rapid 
stirring for final concentrations of 6.25 mM calcium and 3.75 mM P in a total volume of 800 
mL.  Precipitate was removed from solution after 26 hrs, then washed and dried as described in 
Section 2.3.2.1.  These precipitates will be referred to as A26, B26, C26, and D26.  Further 
discussion of reactions will be referred to by the reactant combination IDs assigned in Table 2.1. 
 
Table 2.1: List of calcium and phosphate salt precursor combinations for precipitation reaction 
 
Reactant pair ID Calcium Salt Phosphate Salt 
A CaCl2 Na2HPO4 
B CaCl2 (NH4)2HPO4 
C Ca(NO3)2 Na2HPO4 
D Ca(NO3)2 (NH4)2HPO4 
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2.3.1.2 Reaction Time 
The effect of the stirring time (3, 26, and 72 hours) was evaluated for reactions A and D 
from Section 2.3.1.1.  Precipitate was removed, then washed and dried as described in Section 
2.3.2.1.  Reaction conditions are summarized in Table 2.2. 
 
Table 2.2: Summary of precipitation of calcium phosphate with different stirring times 
Sample ID Reactants (Table 2.1) Stir Time [Hr] 
A3 A 3 
A26 A 26 
A72 A 72 
D3 D 3 
D26 D 26 
D72 D 72 
 
 
2.3.1.3 Reaction Volume 
The effect of changing reaction volume was examined for reactant pair A.  Precipitate A3 
from Section 2.3.1.3 was obtained from a reaction volume of 800 mL after 3 hrs of the reaction 
(A3-800mL).  Precipitate A3-800mL was compared to precipitate obtained from a similar 
reaction with a smaller volume.  Briefly, 90 mL of 10 mM Na2HPO4 was added drop-wise into a 
solution of 150 mL of 10 mM CaCl2 for a total reaction volume of 240 mL.  Precipitate was 
removed after 3 hrs of the reaction (A3-240mL) and dried as described in Section 2.3.2.1. 
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2.3.2 Step II: Post-processing Methods of Precipitated HA Nanoparticles from 2.3.1 
2.3.2.1 Drying & Storage 
Precipitates prepared as described in Section 2.3.1.1 were concentrated into 50 mL 
centrifuge tubes (Thermo Scientific Sorvall legend RT+, Thermo Scientific, 3,600 g, 7 min) and 
supernatant removed after precipitate formed a pellet.  The pellet was re-suspended in 15 mL of 
0.1 M NH4OH and centrifuged at 3,600 g for 7 min, twice.  Supernatant was removed after each 
centrifuge cycle.  The pellet was re-suspended in acetone and centrifuged a final time.  The pellet 
was spread onto glass slides and allowed to air dry for two days before storage in sealed 20 mL 
scintillation vials. 
 
2.3.2.2 Dry Annealing 
HA precipitates A26, A72, D26, and D72 (Table 2.2) were dried as described in Section 
2.3.2.1.  The dried precipitates were then annealed in an oven (GS Blue M Electric model no. 
OV12A, 200 ºC in air) for different durations of time.  After the heating period, precipitates were 
allowed to cool to room temperature before storage in 20 mL scintillation vials.  A summary of 
the annealing times for A26 and D26 particles is listed in Table 2.3 and for A72 and D72 
particles in Table 2.4. 
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Table 2.3: Summary of precipitates stirred for 26 hrs followed by dry-annealing periods 
Sample ID Step I Precipitate (Table 2.2) Annealing Time [Day] 
A26-A0 A26 0 
A26-A48 A26 48 
D26-A0 D26 0 
D26-A48 D26 48 
 
 
Table 2.4: Summary of precipitates stirred for 72 hrs followed by dry-annealing periods 
Sample ID Step I Precipitate (Table 2.2) Annealing Time [Day] 
A72-A0 A72 0 
A72-A24 A72 24 
A72-A72 A72 72 
D72-A0 D72 0 
D72-A0.5 D72 0.5 
D72-A48 D72 48 
D72-A120 D72 120 
 
 
2.3.2.3 Hydrothermal Aging 
Calcium phosphate precipitates were taken from the precipitation reactions and placed 
into a pressure vessel (Parr Instrument Company 276AC-7304). Two different procedures were 
followed: Preparation I – a 15 mL aliquot was taken directly from the reaction solution and 
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Preparation II – a 45 mL aliquot from the reaction solution was concentrated by allowing the 
precipitate to settle by gravity and decanting the solution into a 15 mL volume.  Solutions were 
hydrothermally aged in the pressure vessel at 180 ºC for various amounts of time.  A 
combination of reactant concentrations and aging times was examined.  Preliminary work used 
precipitate obtained from reaction conditions modified from the synthesis method developed by 
Tao without addition of poly(acrylic acid) [27].  Briefly, 40 mL of 66 mM Na2HPO4 was added 
drop-wise into 400 mL of 11 mM CaCl2 under rapid stirring. All other reaction parameters 
followed those described in Section 2.3.1.  Reaction was stirred for 12 hrs before taking a 15 mL 
aliquot from the reaction (Preparation I) and hydrothermally aging the aliquot for 0.25, 0.5, 0.72, 
and 1 hr.  Similarly, 40 mL of 660 mM Na2HPO4 was added drop-wise into 400 mL of 110 mM 
CaCl2 under rapid stirring to examine changes with reactant solution concentration.  Reaction 
was stirred for 12 hrs before hydrothermally aging a 15 mL aliquot (Preparation I) for 2.16 and 
5.7 hrs (Table 2.5).  Particles were removed from the pressure vessel and dried as described in 
Section 2.3.2.1. 
 
Table 2.5: Summary of hydrothermally aged precipitate using Preparation I 
ID Sample ID Calcium Conc. 
[mM] 
Phosphate Conc. 
[mM] 
Hydrothermal Aging Time [hr]
1 A12-H0.25 11 66 0.25 
2 A12-H0.5 11 66 0.5 
3 A12-H0.75 11 66 0.75 
4 A12-H1 11 66 1 
5 A12-H2.16 110 660 2.16 
6 A12-H5.7 110 660 5.7 
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Precipitates obtained from different reaction conditions were also hydrothermally aged to 
examine the effect of precursor salt and changing the concentration of the precipitates before 
hydrothermal aging [16].  Precipitate was obtained from reactants D, where 90 mL of 10 mM 
(NH4)2HPO4 was added drop-wise into a solution of 150 mL 10 mM Ca(NO3)2 and stirred for 13 
hrs.  Precipitate from these reactions were concentrated 3-fold by centrifugation of 45 mL 
aliquots and decanted for a total volume of 15 mL (preparation II).  Precipitate was re-suspended 
by sonicating for 30 min (Bransonic 1510R-MT) before hydrothermal aging in the pressure 
vessel at 180 ºC (Table 2.6).  Particles were dried following Section 2.3.2.1.   
 
Table 2.6: Summary of hydrothermally aged precipitate from preparation II 
ID Sample ID Calcium Conc. 
[mM] 
Phosphate Conc. 
[mM] 
Hydrothermal Aging Time [hr]
1 D13-H0 10 10 0 
2 D13-H0.5 10 10 0.5 
3 D13-H72 10 10 72 
 
 
2.3.2.4 Dialysis 
Precipitate was obtained from reaction of 300 mL 10 mM (NH4)2HPO4 added drop-wise 
into 500 mL of 10 mM Ca(NO3)2 of 10 mM under rapid stirring.  Reaction was allowed to stir 
for 48 hrs and concentrated 4 times by decanting the solution after allowing precipitate to settle 
for 30 min.  Remaining solution was placed into DI-H2O hydrated dialysis bags (Cellu®SepT1 
Part 5030-46, MWCO 3,500).  Precipitate was dialyzed in 0.1 M NaOH over 3 days with NaOH 
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solutions replaced every day.  The precipitate was then further concentrated into 30 mL volumes 
and stored in scintillation flasks. 
 
2.3.3 Nanoparticle Analysis 
Powder x-ray diffraction (pXRD) was used to identify the crystal phase of the particles 
(Scintag Inc. PAD-X theta-theta X-ray Diffractometer, CuKα 1.54 Å, accelerating voltage 45 
kV, current 40 mA, continuous scan, 2.0 deg/min).  The pXRD patterns were matched by Miller 
indices and peak identification cards from the ICCD database [28]. Samples were then combined 
with KBr and pressed into pellets for transmission FTIR (Mattson Instruments 2020 Galaxy 
Series FT-IR) to obtain FTIR spectra (res 4.0 cm-1, 64 scans).  Particle crystallinity was 
determined qualitatively from sample splitting factor calculated following the method developed 
by Weiner and Bar-Yosef modified from the methods developed by Termine and Posner, and 
Blumenthal and Posner [29-31] as follows:   
 
ܵܨ ൌ 	஺భା஺మ஺య          (2.1) 
 
where SF is the splitting factor determined by the sum of the intensities at peaks 602 cm-1 (A1) 
and 563 cm-1 (A2) divided by the intensity of the minima between the two peaks (A3).  The 
morphology of the particles was examined via TEM.  Particles were combined with ethanol and 
dripped onto carbon-coated copper grids (Electron Microscopy Sciences) and examined with 
brightfield TEM (FEI Tecnai T-12 Spirit, 120 kV). 
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2.4 Results 
2.4.1 Effect of Precursor Salt on Precipitate 
To examine the relevance of precursor salts on precipitate formation, reactions of four 
different combinations of Ca and P precursors were examined.  Reactions using Na2HPO4 
(reactant combination A and C, Table 2.1) as the P source yielded precipitate with plate-like 
morphologies and reactions using (NH4)2HPO4 (reactant combination B and D, Table 2.1) 
yielded precipitate with smaller, rounded particles regardless of which calcium precursor was 
used (Fig. 2.1).  The phase of the precipitate differed for different combinations of reactants with 
all other conditions kept the same.  Reactions from combination A and C were identified as 
dicalcium phosphate dihydrate (DCPD, brushite, chemical formula Ca(HPO4)•2(H2O)), with the 
presence of some HA, reaction combination B yielded ACP, and reaction combination D yielded 
HA (Fig. 2.2). 
 
 
 
Figure 2.1:  TEM micrographs of precipitates obtained from reaction of CaCl2 with Na2HPO4 
(A), CaCl2 with (NH4)2HPO4 (B), Ca(NO3)2 with Na2HPO4 (C), and Ca(NO3)2 with 
(NH4)2HPO4. 
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Further work to examine the effect of pH on the reaction was conducted by Wangzhong Sheng 
[see Wangzhong Sheng Senior Thesis].  Sheng observed that the phosphate cations played a 
major role in regulating pH at the start of the reaction, which affects the initial morphology and 
phase of the precipitate and that these differences could be minimized if pH was maintained 
through the course of the reaction.  
 
2.4.2 Reaction Duration 
It was observed that changing the duration of reaction stirring time had an effect on the 
phase of the precipitate.  For reaction A, precipitate removed from solution at 3 hrs was 
identified to be DCPD via pXRD.  Removal from solution at 26 hrs showed a mixture of CaP 
phases of DCPD and HA.  After 72 hrs, the precipitate is completely HA (Fig. 2.3). 
Figure 2.2:  pXRD of precipitate A26, B26, C26, and D26 of Section 2.3.11.  Typical indices 
for brushite were placed above corresponding peaks (ICDD PDF 11-293).  Miller indices for 
hydroxyapatite are designated by lines above peaks (ICDD PDF 09-0432) [28]. 
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Figure 2.4:  pXRD patterns of 800 mL reactions of D stirred for 3 (D3), 26 (D26), and 72 
(D72) hrs.  Typical indices for hydroxyapatite are designated by lines above peaks. 
Figure 2.3:  pXRD patterns of 800 mL reactions of A stirred for 3 (A3), 26 (A26), and 72 
(A72) hrs.  Typical indices for brushite were placed above corresponding peaks.  Miller 
indices for hydroxyapatite are designated by lines above peaks. 
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The change in phase with increased stirring time is also observed for reaction D (Table 2.1) 
where at 3 hrs, the precipitate was identified as ACP and after 26 hrs, identified as HA (Fig. 2.4). 
 
2.4.3 Reaction Volume 
For reactions conducted at smaller volumes, but similar conditions, lower amounts of 
product were obtained and less reaction time was required for the precipitate phase to become 
HA.  For example, A3-800mL was a mixture of CaP phases, while A3-240mL was only HA 
(Fig. 2.5). The reagent concentrations and stirring times were identical for these two reactions.  
 
 
Figure 2.5:  pXRD patterns of reactions of A stirred for 3 hrs with reaction volume of 800 mL 
(A3-800mL) and 240 mL (A3-240mL). Typical indices for hydroxyapatite are designated by 
lines above peaks and indices for brushite labeled above the peak. 
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2.4.4 Dry Annealing 
Air-dried precipitate was heated at 200 ºC in air at atmospheric conditions. Annealing of 
precipitate that was identified as HA did not change the phase of the precipitate (Fig. 2.6B, Fig. 
2.7, Fig. 2.8), however if the precipitate contained DCPD, DCPD peaks disappeared after 2 days 
of annealing, transforming the phase of the precipitate to HA (Fig. 2.6A). 
 
 
Figure 2.6:  pXRD patterns of precipitate from 800 mL reactants A stirred for 26 hrs and then 
dry annealed for 0 (A26-A0) and 48 (A26-A48) hrs (A) and reactants D stirred for 26 hrs and 
then dry annealed for 0 (D26-A0) and 48 (D26-A48) hrs (B).  Peak indices for brushite are 
labeled above peaks and indices for HA indicated by dotted lines.   
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For HA precipitates, dry annealing maintains the phase as HA (Fig. 2.7, Fig. 2.9).  From 
calculating the FTIR splitting factor at the phosphate v4 peaks at 602 cm-1 and 563 cm-1 as 
described in Section 2.3.3, an increase in splitting factor is observed for both reactions through 
day 3 for A72 particles and day 2 for D72 particles (Fig. 2.8, Fig. 2.10).  The changes in splitting 
factor for D72 particles are smaller than for A72 particles.  A decrease in splitting factor is 
observed for D72 particles on day 5.  These results suggest an increase in crystallinity with initial 
heat treatment, but with extended heating time, the material may become more disordered.  
Furthermore, regardless of annealing time, the splitting factor values for A72 particles were 
greater than D72 particles.  TEM micrographs of precipitates of A26 and D26 (Fig. 2.1) showed 
that precipitates obtained from A were larger than precipitates obtained from reactions of D.  The 
increased size of A precipitates may contribute to the increase in splitting factor due to larger 
coherence lengths within the particles. 
 
Figure 2.7: pXRD pattern of reactants A after 72 hrs stirring, reacted at 800 mL, air dried, 
then dry annealed for 0 (A72-A0), 1 (A72-A24), and 3 (A72-A72) hrs, bottom to top.  
Hydroxyapatite Miller indices are indicated by the dotted lines.
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Figure 2.9:  pXRD pattern of precipitate D72, reacted at 800 mL, air dried, then dry annealed 
for 0 (D72-A0), 0.5 (D72-A0.5), 2 (D72-A48), and 5 (D72-A120) hrs bottom to top.  
Hydroxyapatite Miller indices are indicated by the dotted lines.
Figure 2.8:  FTIR of precipitate A72 hrs, reacted at 800 mL, air dried, then dry annealed for 0 
(A72-A0), 1 (A72-A24), and 3 (A72-A72) hrs (top to bottom).  Splitting factors calculated 
from phosphate v4 peaks by calculating the ratio of the sum of intensities at A1 and A2 over 
A3.  
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2.4.5 Hydrothermal Aging 
Precipitates from reactions A and D were taken as 15 mL aliquots (Preparation I) or 
concentrated 15 mL aliquots from decanting the solution (Preparation II) before being placed 
into a pressure vessel and aged for various durations of time at 180 ºC.  Hydrothermal synthesis 
of hydroxyapatite generally occurs in one step where Ca and P precursor salts are mixed in the 
pressure vessel and heated [18, 22].  Separating the precipitation process from the aging process 
allows for better control of HA sizes as the nucleation of HA is separated from the growth of the 
particle and results in more uniform growth of the particles.  With increasing hydrothermal aging 
times, particles grow in size preferentially along the c-axis indicated by the decrease in peak 
broadening and increased intensity of the {002} peak (Fig. 2.11).  The appearance of more well-
defined diffraction peaks also indicate that crystallinity increases with hydrothermal aging time.  
Figure 2.10:  FTIR spectra of precipitate D72 dry annealed for 0 (D72-A0), 0.5 (D72-A0.5), 2 
(D72-A48), and 5 (D72-A120) hrs with a list of the splitting factor calculated from phosphate 
v4.  Splitting factors calculated from phosphate v4 peaks by calculating the ratio of the sum of 
intensities at A1 and A2 over A3.  
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Additionally, CaP phases that were not pure HA could be transformed to HA with increased 
hydrothermal aging time.  Figure 2.12 shows the progression of DCPD and HA precipitate 
transforming to pure HA with increased hydrothermal aging time.  For samples of HA obtained 
from hydrothermally aging precipitate containing DCPD, a sharp peak is observed to form to the 
right of the {002} of HA in samples A12-H.5 through A12-H5.7.  Similar peaks have been 
observed in literature for Ca-deficient HA formed from DCPD precursors [32].  This secondary 
peak is not observed for hydrothermally aged particles from D reactants (Fig. 2.11).   
TEM images of the precipitates obtained through hydrothermal aging are presented in 
Figure 2.13.  With increased hydrothermal aging time, particles become more rod-like in nature.  
Concentrating the amount of precipitate before hydrothermal aging still allowed for the 
formation of discrete and elongated particles.  By increasing the concentration of the 
precipitation reaction, larger and more elongated particles could be produced (Fig. 2.13 E, F).  
However, concentration increase also supported formation of other CaP phases such as DCPD. 
 
Figure 2.11:  pXRD of reaction of D stirred for 13 hrs then hydrothermally aged for 0 (D13-
H0), 0.5 (D13-H0.5), and 72 (D13-H72) hrs.  Hydroxyapatite Miller indices labeled at peaks. 
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Figure 2.13:  TEM micrographs of hydrothermally aged HA particles obtained from 
parameters 1-6 of Table 2.5 (A-F) and of parameters 1-3 of Table 2.6 (G-I). 
Figure 2.12:  pXRD of precipitate after hydrothermal aging from Table 2.5.  Peak indices for 
brushite are labeled above peaks and indicated by dotted lines for hydroxyapatite (HA). (*) – 
Signal from quartz sample holder.  (º) - Peak for HA synthesized from brushite precursor.
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2.4.6 Dialysis 
For applications where the dispersion of HA is important, dried particles tend to 
aggregate and settle out of solution.  Keeping the particles in solution through dialysis can 
improve HA nanoparticle dispersion into viscous materials such as collagen gels before setting.  
To improve HA dispersion into gels, the precipitate was kept in the reaction solution, 
concentrated by decanting the solution after precipitate settled, and then dialyzed against 0.1 M 
NaOH.  Using this technique, particles remained in an aqueous environment throughout the 
whole process.  Additionally, mineral crystals were elongated (Fig. 2.14A) compared to the 
precipitate obtained after removal from reaction solution, washed and dried in air (Fig. 2.14B).   
 
 
 
In work to incorporate HA particles into collagen gels [33], it was observed by optical light 
microscopy that HA particles dialyzed against 0.1 M NaOH have better dispersion within the gel 
with less visible HA aggregates (Fig. 2.15A) while gels mixed with dried HA particles have 
many HA aggregates visible by optical microscope (Fig. 2.15B).   
 
Figure 2.14:  TEM micrographs of precipitate from reaction A after 48 hrs of stir dialyzed into 
0.1 M NaOH for 3 days (A) and precipitate dried after 48 hr stir. 
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2.5 Discussion 
One of the most common ways of synthesizing HA is through the co-precipitation of Ca 
and P salts in aqueous solutions with molar concentrations of Ca to P equal to 1.67 following 
variations of the method developed by Tsilieus [34].  Although this process appears 
straightforward, there are numerous modifications of the Tsilieus method to synthesize 
hydroxyapatite through aqueous precipitation [23, 35, 36].  These recipes can differ by reactants, 
concentration, reaction time, temperature, and pH.  In this study, several parameters were kept 
consistent to minimize complexity.  Precursor salts were limited to Ca(NO3)2•4H2O and 
CaCl2•2H2O as the Ca source and Na2HPO4 and (NH4)2HPO4 as the P source.  Reactant solutions 
were pH balanced to 9.5, filtered to removal potential heterogeneous nucleation sites, and mixed 
in a drop-wise fashion at an initial temperature of 4 ºC in an ice-water bath under rapid stirring.  
Further stirring was conducted at room temperature.  Changes in ionic strength and pH variations 
over the course of the reaction were not controlled. 
Figure 2.15:  Optical light micrographs of collagen gels mixed with HA precipitate from 
reactants D dialyzed in 0.1 M NaOH (A) and mixed with dried H precipitate (B) Courtesy of 
Jen Richards [33].  
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Although the pH of the starting reactants was kept at pH 9.5, the pH of the reacting 
solution changes during the course of the reaction.  These changes are dependent in part on the 
reactants used and are linked with the rate of the reaction [37, 38].  For reactions containing 
sodium phosphate, HA particles tend to appear more plate-like while reactions containing 
ammonium phosphate have a rounded morphology.  These differences are tied to the influence 
on pH of the P counterion rather than C, however other studies have indicated that the presence 
of chloride increases the formation of plate-like HA [39]. 
In addition to reactants and pH, the reaction volume also plays a role in the phase of the 
resulting precipitate as demonstrated by reacting Na2HPO4 with CaCl2 at reaction volumes 240 
mL and 800 mL.  Increasing the reaction volume favors the formation of kinetic CaP products 
such as DCPD or ACP, over the thermodynamic product, HA.  Phosphate was added drop-wise 
into the Ca solution under rapid stirring.  Even with the stirring, such an addition process leads to 
localized areas of high concentration before dilution into the bulk. These mixing conditions 
result in local changes in supersaturation and ion speciation over the duration of the reaction. 
Such variations are greatly reduced in more controlled systems such as titration and constant 
composition methods [40, 41].  The effects of the mixing conditions are amplified for larger 
volumes since the stirring is not sufficient to reach homogeneous solutions rapidly.  With 
addition of P to Ca, localized areas within the reaction flask are at higher P to Ca ratios than 
those favorable for HA, and favor the formation of Ca-deficient, kinetic products.  By increasing 
the stirring time in solution, these precipitates are able to hydrolyze into Ca-deficient HA.  
Similar trends are also reported in the literature for increases in reactant concentrations [42].  
With increasing reactant concentrations, the resulting precipitate may contain mixtures of ACP 
or DCPD with HA [38, 43].  
38 
 
Although not examined in this thesis chapter, the order of addition of the reactants has 
been show to affect the size and Ca to P ratio of resulting precipitate [44, 45].  Calcium solutions 
added into phosphate solutions often yielded ACP at concentrations above 10 mM [46].  
Phosphate solutions added to calcium solutions were observed to produce DCPD in addition to 
HA and yield smaller precipitate particles [37, 45].  In this work, precipitation reactions were 
consistently conducted by adding P solutions to the Ca solution.   
Post-processing methods such as dry annealing, hydrothermal aging, and dialysis can 
further tune the properties of the HA precipitates obtained from precipitation reactions.  Through 
dry annealing, the morphology of the particles is maintained while non-HA phases can be 
converted to HA and particles of HA can have changes in crystallinity.  Water must be present to 
facilitate these changes [47, 48].  Further discussion on the effects of dry annealing of HA 
precipitate are discussed in Chapter 3.  Hydrothermal aging changes the morphology and 
crystallinity of the precipitate while yielding particles with narrow size distributions [16, 49].   
Further discussion of hydrothermal gaining is discussed in Chapter 4.  Dialysis of precipitate 
from the reaction solution into other solutions can affect the morphology of the precipitate and 
also improve incorporation of the HA particles into aqueous media such as collagen hydrogels.  
Dividing the synthesis method of HA particles into two steps starting with the initial 
precipitation reaction followed by post-processing techniques allows for multiple points to fine 
tune HA properties during the synthesis process without the use of additional additives or 
fractionation techniques. 
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2.6 Conclusions 
Conducting the synthesis of HA particles through two-step processes by forming the 
precipitate followed by different processing techniques allows for fine-tuning the formation of 
HA nanoparticles.  Through these techniques, a wide range of HA nanoparticles can be obtained 
with defined size, shape, and crystallinities, which allows for the study of specific HA properties.  
Furthermore, these nanoparticles can be introduced into culture systems to examine cell-mineral 
interaction.  In the following chapters, Chapter 3 reports a method to present dry annealed HA 
particles (Section 2.3.2.2) onto glass substrates for culture with primary human osteoblasts to 
examine how changes in HA from dry-annealing can affect OB response.  Chapter 4 utilizes 
hydrothermally aged HA particles to investigate how changes in size and crystallinity can effect 
bone metastatic response of breast cancer cells in 3-D porous scaffolds. 
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CHAPTER 3 
EFFECTS OF HYDROXYAPATITE CRYSTALLINITY ON HUMAN OSTEOBLAST 
MATRIX PRODUCTION ON SURFACES 
 
Contributors: Anna Taubenberger, Siddharth Pathi, Dietmar Hutmacher, Claudia Fischbach-Teschl, Lara Estroff 
 
 
3.1 Abstract 
Commercially available and synthetic hydroxyapatite (HA) nanoparticles were dry-annealed at 0, 
1, and 3 days at 200 ºC.  This technique afforded HA nanoparticles of similar morphology and 
different crystallinities.  These particles were combined with poly(lactide-co-glycolide) (PLG) in 
tetrahydrofuran (THF) to form HA-PLG solutions.  The solutions of HA-PLG were spin-coated 
onto glass substrates to form thin polymer films with exposed HA particles on the surface.  
Control surfaces without HA were also fabricated with PLG solutions.  The resulting substrates 
had variable surface roughness and compositions dictated via the type of HA nanoparticle 
present.  Primary human osteoblasts were obtained and seeded onto the substrates.  Attachment 
rate, spreading, metabolic activity, and fibronectin (FN) production were examined at various 
time points during the culture period.  Osteoblasts were shown to be sensitive to the surface 
properties of the substrate with increased FN production on surfaces containing HA with longer 
dry annealing treatment regardless of crystallinity.  Further examination of the HA surfaces must 
be conducted to obtain conclusive results. 
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3.2 Introduction   
Many biomaterials used for hard tissue repair today have difficulties in being fully 
incorporated into native tissues [1, 2].  While the surfaces of the biomaterials are textured, 
chemically functionalized, and/or loaded with proteins that can direct cellular response and 
mineralization, the materials are often homogeneous in composition, as compared to the very 
heterogeneous native tissues.  Complete incorporation of these homogenous materials into the 
tissue is often a challenge [3].  Designing surfaces that are better able to promote the formation 
of bone-matrix material may lead to better incorporation of materials into hard tissues as well as 
provide platforms to better understand the mineralization and healing processes of bone. 
Bone-matrix formation as discussed in Chapter 1 is dictated by the activity of osteoblasts 
(OBs), the cells responsible for the production of new bone [4].  The interaction of OBs with the 
surrounding extracellular matrix (ECM) regulates cellular processes such as cell differentiation 
and gene expression, leading to changes in adhesion, ECM remodeling, and mineralization 
activity [5-7].  Factors such as roughness, charge, surface chemistry, and topography can affect 
cellular behavior and interaction with the material and will affect cell attachment, adhesion, and 
spreading on surfaces [8-10]. 
  Many studies have been conducted to examine the effects of coatings and patterning of 
non-biological surfaces to enhance biocompatibility, adhesion, and cellular activity [11, 12].  
More recent works examine the effect of hydroxyapatite (Ca10(PO4)6(OH)2, HA), which has a 
similar composition to bone mineral, on cellular functions in the context of grain size, charge, 
roughness, and density on surfaces [13, 14].  The presence of HA has been demonstrated to 
promote adhesion of proteins relevant to cell attachment [15-18].  However, much of this work 
does not take into account the material properties of HA, such as crystallinity, size, and 
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composition of the mineral.  HA crystals in bone are typically thin platelets on the nanometer 
length scale [19].  These crystals change in size, shape, and crystallinity with age, composition, 
location, and disease progression [20-24].  To date, little work has been done to examine the 
effects of highly monodispersed HA particles of different crystallinity, sizes, and composition on 
OBs adhesion and activity.   
 In previous work, Reichert and Hutmacher demonstrated a method to form 2-D 
mineralized OB matrices mimicking the bone microenvironment from primary human osteoblast 
(hOBs) cells [25].  These matrices were formed on a variety of surfaces such as polystyrene 
tissue culture plastic, collagen I coated tissue culture plastic, and thermonox coverslips (Nunc®).  
The hOBs proliferated on the surfaces to form sheets of hOBs and matrix.  This work 
demonstrated the sensitivity of OBs to their culture surface as well as a means to produce 
surfaces similar to the bone microenvironment.  Design of OB culture surfaces containing 
different types of HA particles can lead to well-characterized platforms to determine the effects 
of different properties of HA, such as crystallinity, chemistry, size, and roughness, on cellular 
activity and, ultimately, bone formation.  This study aims to develop model HA surfaces and 
introduce OBs onto the surfaces to evaluate OB ECM production and mineralization as a 
function of HA mineral properties.   
 
3.3 Materials & Methods 
3.3.1 Hydroxyapatite Nanoparticles 
3.3.1.1 Synthesis 
Hydroxyapatite nanoparticles were synthesized through an aqueous precipitation reaction 
via drop-wise addition of 300 mL of 10 mM Na2HPO4 into 500 mL of 10 mM CaCl2 under rapid 
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stirring at 4 °C.  Precipitate was collected after 72 hrs, washed twice with 15 mM NH4OH, then 
once with acetone, and allowed to air dry for 2 days.  The precipitate was then annealed at 
atmosphere in air (GS Blue M Electric model no. OV12A) at 200 °C for 0, 1, and 3 days.  These 
HA nanoparticles will be designated as Type A particles in the rest of the chapter. Commercial 
HA nanoparticles (designated as Type B) (Sigma Aldrich Hydroxyapatite nanopowder, 
manufacturer measured < 200 nm) were dry annealed at 200 °C for 0, 1, and 3 days for 
comparison, indicated as D0, D1, and D3 respectively.   
 
3.3.1.2 Powder X-ray Diffraction   
Powder x-ray diffraction (pXRD) was used to characterize the particles (Scintag Inc. 
PAD-X theta-theta X-ray Diffractometer, CuKα 1.54 Å, accelerating voltage 45 kV, current 40 
mA, continuous scan, 2.0 deg/min).  Bulk particle size along the c-axis was determined by 
Scherrer’s analysis of the {002} peak [26]: 
 
߬ ൌ ୏•λβ•ୡ୭ୱ	ሺɵሻ         (3.1) 
 
Where τ is the particle size, K is the shape factor (0.9), λ is the CuKα wavelength of 1.54 Å, β is 
the full width at half max of the peak of interest, and ɵ is the Bragg angle of the peak for {002}.  
Degree of crystallinity was determined from XRD following the formula [27]: 
 
ܺ஼ ൌ ቀ1 െ	௏భభమ/యబబூయబబ ቁ ∗ 100       (3.2) 
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Where XC is the degree of crystallinity, V112/300 is the intensity of the valley between the peaks 
for HA indices Miller indices {112} and {300}, and I300 is the intensity of the peak for HA 
Miller index {300}. 
 
3.3.1.3 Fourier Transform Infra-red Spectroscopy 
Samples were combined with KBr (Sigma) and ground to a fine powder and pressed into 
pellets for transmission FTIR (Mattson Instruments 2020 Galaxy Series FT-IR) to obtain FTIR 
spectra (res 4.0 cm-1, 64 scans).  Particle crystallinity was determined qualitatively from sample 
splitting factor calculated following the method of Weiner and Bar-Yosef, [28] modified from 
the methods developed by Blumenthal, Termine, and Posner [29, 30] as described in Chapter 2.   
ܵܨ ൌ 	஺భା஺మ஺య          (3.3) 
Where SF is the splitting factor determined by the sum of the intensities at peaks 602 cm-1 (A1) 
and 563 cm-1 (A2) divided by the intensity of the minima between the two peaks (A3). 
 
3.3.1.4 Transmission Electron Microscopy 
The morphology of the particles was examined via TEM.  Particles were combined with ethanol 
and dripped onto carbon-coated copper grids (Electron Microscopy Sciences) and allowed to dry.  
Samples were examined with brightfield TEM (FEI Tecnai T-12 Spirit, 120 kV). 
 
3.3.2 Surfaces 
3.3.2.1 Fabrication   
HA particles were mixed into acetone, chloroform, and tetrahydrofuran (THF) and 
particle distribution on substrates from spin coating was examined visually by light microscope 
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(TE2000-U, Nikon).  Glass substrates were prepared by glass microscope slides cut into 25 X 23 
mm2 by diamond scribe.  Glass substrates were cleaned by sonicating substrates in isopropyl 
alcohol for 1 min, followed by 1 min sonication in ethanol, followed by 1 min sonication in 
acetone and allowed to air-dry in a dust-free environment.  Control surfaces without HA were 
made by dissolving 2 wt% poly(lactide-co-glycolide) (PLG, Lakeshore Biomaterials) in THF and 
300 μL of this solution was spin-coated (60 s, 2000 rpm) onto cleansed 25 x 23 mm2 glass 
substrates to obtain a film of PLG with a Model PG6700 Series Spincoater (Specialty Coating 
Systems, Inc).    Surfaces containing HA were made by adding 2 wt% HA particles to the PLG-
THF solution and sonicating for 30 s.  300 μL of the mixture was spin-coated onto a 25 X 23 
mm2 glass slide.  All surfaces were placed in an oven (model no. OV12A, GS Blue M Electric) 
at 60 °C for 2 hrs until the scent of the THF solvent was not detectable.   
 
3.3.2.2 Characterization   
Surfaces were characterized by light microscope.  HA accessibility on the surfaces was 
determined qualitatively via Alizarin Red staining of the surfaces etched for 0, 1, 5, and 10 min 
in 0.25 M NaOH.  For Alizarin Red staining, surfaces were rinsed with phosphate buffered saline 
(PBS) then fixed with ice cold methanol for 10 min.  A 1% alizarin red S (Sigma Aldrich) in DI-
H2O solution was prepared and pH adjusted to4.1 with 10% acetic acid.  Surfaces were incubated 
in the solution for 5 min at room temperature before gently rinsing with DI-H2O until the water 
remained clear.  Images were taken with a digital camera (Sony DXW). 
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3.3.2.3 Integrity   
Cell-seeded and cell-free surfaces were examined through 28 day culture period under 
culture conditions.  Surfaces were placed in 6-well plates, one surface per well, submerged in 3 
mL of complete DMEM (cDMEM, DMEM [Invitrogen] supplemented with 10% fetal bovine 
serum [Tissue Culture Biologicals] and 1% penicillin/streptomycin [Invitrogen]) at 37 ºC, 5% 
CO2 in a cell culture incubator.  Media was changed twice a week.   
 
3.3.3 Osteoblasts 
3.3.3.1 Harvest   
Primary human osteoblasts were obtained from the tibial plateau of female patients 
undergoing knee replacement surgery (Queensland University of Technology institutional ethics 
committee approved) following the protocol established by Reichert [25].  Bone chips were 
removed from the trabecular bone with a spatula then washed with phosphate buffered saline 
(PBS) until the solution remained clear. Cleaned bone chips were placed into culture flasks with 
culture media (α-MEM, minimum essential medium, 12561, Invitrogen, supplemented with 10% 
FBS (fetal bovine serum, Invitrogen), 1% AB/AM (antibiotic/antimycotic, Invitrogen) and 
incubated.  By two weeks, hOBs grew out of the bone chips onto the flasks.  
 
3.3.3.2 Culture  
Surfaces were placed in 70% ethanol for 1 hr, air-dried, and then sterilized by irradiation 
with UV for 15 min.  No visible effect was observed through light microscopy, further 
examination was not conducted.  Surfaces were then immersed in culture media for 1 hr.  The 
media was removed before introducing the hOBs.  Cells were harvested from the tissue-culture 
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flasks and seeded via three methods:  1) Filling the well containing the surface with 3 mL of 
16,000 cells/mL, 2) placing a 1 mL droplet of media containing 3,000/cm2 cells onto the surface 
before adding 2 mL of media 3 hrs or 3) 12 hrs later.   
 
3.3.3.3 Attachment and Spreading on Platforms   
Cells were incubated in staining solution (2 μL of 4 mM calcein in 8 mL media) to better 
visualize the cells before seeding.    Optical light microscope (TE2000-U, Nikon) images were 
taken of the surfaces at 4 and 15 hrs to track attachment and spreading on the coated slides after 
cell seeding and quantified via ImageJ.  Attachment was confirmed by determining number of 
cells that were spherical (unattached) and the number of cells that were non-spherical (attached).  
Spreading was quantified by area fraction of coverage by cells within a defined field of view.   
 
3.3.3.4 Osteoblast Metabolic Response Characterization via AlamarBlue   
The alamarBlue® assay was done to compare metabolic activity of cells.  AlamarBlue® 
reagent was prepared with 2 mL alamar (Invitrogen) in 20 mL media.  Media was aspirated from 
surfaces, replaced with 200 μL droplets of alamarBlue® reagent and allowed to incubate for 1 hr.  
AlamarBlue solution was removed from the surfaces and placed into a 96-well plate and 
fluorescent signals (excitation 544 nm, emission 590 nm) detected with a fluorescent plate reader 
(Polar Star Optima plate reader (BMG Labtech) to determine metabolic activity.  Cell-free 
surfaces were used as controls.  Time points were taken at Day 1, 3, 5, 7, 14, and 20. 
Surfaces were immunofluorescently stained to study spreading morphology and 
fibronectin (FN) production.   To prepare surfaces for staining, surfaces were washed twice with 
PBS (phosphate buffered saline) containing 0.5 mM MgCl2 and 0.9 M CaCl2•2H2O and fixed 
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with 4% formaldehyde solution in PBS for 30 min at room temperature.  Samples were rinsed 
once with 3 mL PBS and cells permeabilized for 5 min with 0.2 % Triton X-100 (Sigma) in PBS.  
Surfaces were then rinsed twice with 3 mL PBS before incubating surfaces in 0.5% BSA (bovine 
serum albumin, blocking buffer) and incubated for 10 min.  Primary antibody solution FN 
DSEC.DHN antibody was prepared at 1:300 in 0.5% BSA in PBS.  200 uL of the primary 
antibody solution was placed on surfaces for 45 min then washed three times with 3 mL PBS.  
200 μL of the secondary antibody solution containing 1:300 Alexa Fluor 633 goat-antihuman 
IgG, 1:250 rhodamine-phalloidin (Invitrogen) for staining actin filaments, and 1:1000 DAPI 
nuclear stain in 0.5% BSA in PBS onto the surfaces for 45 min.  Surfaces were washed twice 
with 3 mL PBS and dipped into DI-H2O for removing salts.  Excess liquid was blotted with a 
KimwipeTM (Kimberly-Clark®) before mounting coverslips onto the surface with mounting 
medium (ProLong Gold, Invitrogen).  Surfaces were dried overnight away from light.  Surfaces 
after 5 and 20 days of culture were examined under confocal microscopy (Leica TCS SP5).  
Each condition was examined in triplicate. 
 
3.4 Results 
To examine how HA nanoscale properties could affect cellular activity, HA nanoparticles 
were synthesized from an aqueous chemical precipitation (A) and obtained commercially from 
Sigma Aldrich (B).  As described in chapter 2, these particles were dry-annealed at 200 ºC for 0, 
1, and 3 days (AD0, AD1, AD3, BD0, BD1, BD3).  These particles were then combined with a 
solution of PLG dissolved in THF.  The mixtures were spin-coated onto glass substrates to 
present different HA particles to the cells.  After characterization and analysis of the particles 
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and the surfaces, primary hOBs were then seeded onto these surfaces.  The adhesion, spreading, 
and FN production of the hOBs were examined for each of these platforms.  
 
3.4.1 Materials Analysis 
3.4.1.1 Particle Analysis   
Hydroxyapatite particles were synthesized through aqueous precipitation of CaCl2 and 
Na2HPO4 then dry annealed for 0, 1, and 3 days.  Synthesized particles were designated as AD0, 
AD1, and AD3 respectively.  Commercial particles were also dry annealed for 0, 1, and 3 days 
and designated as BD0, BD1, and BD3 respectively.  The dry annealing of the A and B particles 
at 200 ºC allowed the particles to maintain their original shape as confirmed through TEM.  The 
A particles remained as small, thin platelets while the B particles retained their spherical 
morphology (Fig. 3.1).   
            
 
Figure 3.1: Synthetic as-precipitated AD0 HA particles (A) and synthetic AD3 HA particles 
dry-annealed for 3 days at 200 ºC (B).  Commercial BD0 HA particles (C) and commercial 
BD3 HA particles after annealing at 200 ºC for 3 days (D). 
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XRD confirmed the phases of the particles to be HA showing the characteristic peaks for HA 
crystal indices {002}, {211}, {300}, and {202} (Fig. 3.2).  XRD spectra for B particles showed 
the presence of more peaks which were sharper and more defined compared to A particles.  With 
the heat treatment, a slight decrease in particle size was observed for A and B particles as well as 
a slight decrease in degree of crystallinity for B particles (Table 3.1).  Degree of crystallinity 
could not be determined for A particles due to the absence of a valley between the {112} and 
{300} peaks using the equation (2). 
 
 
 
Figure 3.2: pXRD spectra of A annealled at 0 (AD0), 1 (AD1), and 3 (AD3) days and B 
particles annealled at 0 (BD0), 1(BD1), and 3 (BD3) days at 200 ºC.  Hydroxyapatite Miller 
indicies are indicated by the dotted lines as identified by ICDD PDF no. 09-0432. crystal [31]. 
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Table 3.1: HA particle size and fraction of crystallinity 
Particle Size [nm]a Degree of Crystallinityb Splitting Factord 
AD0 26 ---c 3.8 
AD1 27 --- 4.1 
AD3 14 --- 4.2 
BD0 35 84 3.6 
BD1 34 83 3.6 
BD3 28 79 3.5 
aSize along {002} c-axis of HA determined by Scherrer’s Analysis, (Eq. 3.1) [26]. 
bDegree of crystallinity calculated from the difference in intensity at {300} and the valley between {112} and 
{300} divided by the intensity at {300} times 100, (Eq. 3.2) [27]. 
cDegree of crystallinity could not be determined for A particles due to the absence of a valley between {112} 
and {300}. 
dSplitting factor calculated from peaks attributed to phosphate ν4, (Eq. 3.3) [28]. 
 
FTIR of the particles also showed the characteristic peaks for phosphate ν4 antisymmetric 
bending (570-602 cm-1) and phosphate ν3 antisymmetric stretching modes (1032-1048 cm-1) for 
HA (Fig. 3.3) [32, 33].   The phosphate ν1 peak at 961 cm-1 was also present for all particles.   
Less peak broadening was observed for B particles compared to A particle spectrum.  A particles 
also have the presence of carbonate peaks at 1384 cm-1, absent for B particles.  Increased 
crystallinity with increasing annealing time is evidenced by the decrease in peak broadening and 
appearance of a peak at 630 cm-1 for AD1 and AD3 indicative of structural –OH, which 
increases in intensity with more crystalline materials (Fig. 3.2) [34].  A small peak at 630 cm-1 
was also observed for BD3 particles for acid phosphate.  Calculation of the splitting factor of the 
ν4 phosphate bond bending peaks at 562 cm-1 and 602 cm-1 corroborated a slight increase in 
splitting factor with annealing time for A particles [28, 32].  No significant changes in splitting 
factor were observed for B particles (Table 3.1).   
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Figure 3.3: FTIR spectra of A and B particles annealed for 0, 1, and 3 days show the 
characteristic phosphate ν3 and ν4 peaks of HA.  The increase in crystallinity with annealing time 
was confirmed for A particles with the appearance of peak at 630 cm-1for structural –OH.  BD3 
particles also show the presence of a small peak at 630 cm-1. 
 
 
3.4.1.2 HA-PLG Surface Coating 
Spin-coating was used to form substrates coated with PLG-HA (A and B) or PLG only 
(O) surfaces for cell culture (Fig. 3.4).  Surfaces coated in PLG without HA were used for 
controls (O).  Particles were suspended in a variety of organic solvents capable of dissolving 
including acetone, THF, and chloroform to determine which solvent would be most suitable for 
dispersing the HA.  Particle distribution in the spin-coated films of A-type particles was highly 
dependent upon the particle dispersity in the PLG-Solvent-HA mixture where B particles had a 
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similar dispersity regardless of solvent.  THF was most effective in forming the PLG and PLG-
HA films on the 25 x 23 mm glass substrates through spin coating due to better particle 
dispersion and slower evaporation time compared to chloroform and acetone.  One possible 
explanation is that the A particles have a different surface charge or retained different amounts of 
water than B particles.  Based on these results, subsequent work used THF for preparing 
surfaces.   
 
 
 
3.4.1.3 Surface Analysis   
Optical microscope and SEM observations of the surfaces showed how A particles tended 
to aggregate together instead of spreading evenly throughout the surfaces (Fig. 3.5A-C).  
Surfaces containing both particle types showed indications of spin-coating artifacts where 
particles were distributed more densely towards the center of the surfaces compared to the edges.  
For surfaces containing B particles, streaks of areas with low and high particle density radiating 
out from the center of the surfaces to the edge were visible (Fig. 3.5D-F).  Comparing surfaces 
containing the same type of particles annealed for different durations, however, showed the 
Figure 3.4: Photographs of control PLG–only (A), synthetic HA Type A (B) and commercial 
HA Type B (C) surfaces fabricated by spin-coating HA-PLG in THF onto glass substrates 
followed by 1 hr of heat treatment at 60 ºC to remove THF.  
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surfaces to be very similar in appearance (Fig. 3.5A-F).  The particles were distributed 
inhomogenously across the surface, however A particles had similar distributions regardless of 
annealing time as did B particles (Fig. 3.5G-I). 
 
 
3.4.1.4 HA Accessibility for Cells 
Figure 3.5: Optical microscope images of AD0 (A), AD1 (B), AD3 (C), BD0 (D), BD1 (E), 
and BD3 (F) surfaces showing distribution of particles after spin-coating.  White arrows show 
HA distribution as streaks as a spin-coating artifacts further from the center of B-containing 
surfaces. SEM images show higher magnification of particle distribution in control (G), AD0 
(H), and BD0 (I) surfaces.   SEM courtesy of Jason Dorvee.   
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To assess the surface exposure of HA, Alizarin Red staining was performed on as-
prepared surfaces as well as NaOH etched surfaces.  The etching process was designed to 
dissolve the polymer and further expose HA on the surface.  HA surfaces were etched in 0.25 M 
NaOH for 0, 1, 5, and 10 min to determine if etching treatments were necessary to improve 
access of hOBs to HA.  Surfaces were stained after the etching process with Alizarin Red.  
Control surfaces retained no color as expected while all other surfaces turned red after the 
staining process, showing that HA was exposed at the surface.  A-surfaces degraded with longer 
etching times while B-surfaces retained surface films (Fig. 3.6).  Based upon this evaluation, no 
etching was applied to surfaces before cell culture experiments. 
 
 
 
 
Figure 3.6: Photographs of Type A HA, Type B HA, and control substrates stained with 
Alizarin Red after 0, 1, 5, and 10 min of etching in 0.25 M NaOH to determine surface 
exposure of HA.   
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3.4.2. Assessment of Osteoblast Interaction with Surfaces 
3.4.2.1 Culture Methods on Surfaces   
Surfaces were placed into 6-well plates prior to culture.  Due to the rectangular shape of 
the surfaces and height from the bottom of the well, quantifying the number of cells seeded onto 
the surfaces was challenging due to cells attaching to the 6-well plate rather than the surfaces.  
To optimize cell seeding onto the surfaces, three methods were tested: 1) Cells were seeded via 
filling the well containing the surface with 3 mL of 16,000 cells/mL, or 2) placing a 1 mL droplet 
of media containing 3,000/cm2 cells onto the surface before adding 2 mL of media 3 hrs or 3) 12 
hrs later.  Method 1 often resulted in higher concentration of cells near the middle of the surface 
due to the media forming a meniscus in the well.  Method 2 did not allow sufficient time for the 
cells to adhere to the surfaces before adding additional media, which resulted in the cells being 
washed off the surface.  Method 3 was able to provide more uniform seeding of the cells but the 
droplet was difficult to maintain for all samples through the 12 hr period.  Experiments were 
conducted with cell seeding method 1 or 3.  Method 1 was used if the initial number of cells was 
not relevant for the experiment.  Method 3 was used if the initial number was important for the 
experiments. 
 
3.4.2.2 Surface Integrity In Culture Conditions   
Osteoblasts were cultured onto surfaces to evaluate PLG and PLG-HA surface integrity 
under culture conditions submerged in media, at 37 ºC, 5% CO2, with humidity.  Cell-free 
surfaces were used as controls.  Cell-free HA-containing PLG films remained intact throughout 
the 28 day integrity tests under culture conditions.  Control surfaces without HA, PLG-only 
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films, delaminated from the corners of the glass substrates by day 12.  In comparison, all of the 
cell-seeded surfaces showed evidence of degradation (Fig. 3.7).   
 
 
 
 
 
 
Although surfaces containing A particles remained on the glass substrates, small holes appeared 
in the PLG-HA substrates by day 20.  The surfaces containing the B particles remained intact for 
non-annealed HA.  However, large holes appeared on the surfaces containing 1 and 3 day 
annealed HA particles on day 7 and  2 out of 3 films curled up and completely detached from the 
Figure 3.7: Photographs of osteoblast-seeded A-, B-, and control substrates before culture and at 28 
days of culture to assess surface integrity under osteoblast culture.  Representative surfaces shown 
from n=3. 
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glass substrates by day 12.  The PLG-only films detached part way from one corner of the 
substrates, but remained stable through the rest of the culture period.  On closer inspection of the 
surfaces via optical microscopy, it appeared that holes were forming on the film and were 
widened once the hOBs had proliferated to cover the entire surface to form a sheet of cells 
(confluence) on the surfaces.  Additionally, the increased amounts of film detachment from 
surfaces containing the annealed commercial HA indicate that the hOBs appeared to be placing 
strain onto the films and areas of the film detached to relax the strain.  The experiment was 
repeated with a lower seeding density for cell cultured surfaces.  Cells did not proliferate enough 
to reach confluency within the first 4 weeks and were able to remain intact through 34 days of 
culture.  Further studies cultured cells onto the surfaces were not cultured past 25 days 
 
3.4.2.3 Proliferation and Spreading on Surfaces   
OB attachment and spreading on surfaces were assessed through 15 hrs.  Cells were 
cultured onto surfaces then stained with calcein staining solution and examined via optical 
microscope.   OBs attached to control and B-surfaces sooner than surfaces containing A 
particles.  At 15 hrs, most cells have attached to the surfaces.  Greater percentage of spreading 
was observed for control surfaces that did not contain HA and at 15 hrs, A- and B-surfaces see 
similar OB spreading areas (Fig. 3.8). 
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3.4.2.4 Metabolic Activity 
Metabolic activity was assessed by alamarBlue®.  Increased metabolic activity was 
observed around day 8 for the hOBs grown on B particle surfaces while increased metabolic 
activity was detected after day 8 on A particle surfaces (Fig. 3.9).  The earlier increase in 
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Figure 3.8:  Osteoblast attachment after 4 (white) and 15 hrs (black) of seeding on AD0, AD1, 
AD3 (A) and BD0, BD1, BD3 (C) surfaces.  PLG surfaces were used as controls.  Osteoblast 
spreading area was determined after 4 and 15 hrs of culture on the same surfaces (B, D).  Area 
fraction was normalized to the number of cells present in the field of view 
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metabolic activity for cells grown on B particles indicate that hOBs proliferate faster on B 
particle surfaces compared to A particle surfaces. 
 
   
 
 
 
3.4.2.5 Fibronectin Production  
The cell-seeded surfaces were immunofluorescently stained for actin (red), the 
cytoskeleton of the cells to examine spreading on the surfaces, the nucleus (blue), and FN 
(green), a protein associated with matrix production and adhesion (Fig. 3.10). After staining, the 
surfaces were imaged with confocal microscopy to examine the cell spreading and FN 
production.  Initial images of the surfaces show that hOBs grown on PLG surfaces have larger 
nuclei and spreading area on day 5 compared to HA-containing surfaces.  The larger cell size is 
maintained as the cells reach confluency as seen in cells cultured through day 28.  The increased 
green fluorescence indicates increased production of FN production on surfaces containing 3 day 
annealed HA particles.   
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Figure 3.9: Metabolic activity of osteoblasts cultured on AD0, AD1, AD3 (A) and BD0, BD1, 
BD3 (B) surfaces at 1, 3, 8, 14, and 21 days of culture as determined via relative fluorescence 
from alamarBlue® assays.  PLG surfaces were used as controls (Ctrl).
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Figure 3.10: Immunofluorescent staining of osteoblast actin (red), nucleus (blue), and 
fibronectin (green)  after 5 (Top) and 28 (Bottom) days of culture on AD0, AD1, AD3, BD0, 
BD1, BD3, and control PLG surfaces.  Confocal microscopy images courtesy of Anna 
Taubenberger.   
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3.5 Discussion  
Osteoblast sensitivity to the bone microenvironment is necessary for OB function in 
remodeling and healing bone [17]. It has been observed that with time, age, location, and disease 
pathology, HA crystals in bone change in size, shape, and crystallinity [20-25].  To understand 
OBresponse to changes in the bone microenvironment with regards to the changes in bone 
crystals, HA nanoparticles were synthesized from an aqueous precipitation reaction and obtained 
commercially.  Particles were dry-annealed for 0, 1, and 3 days at 200 ºC and incorporated into 
polymer films on glass slides.  Surfaces were prepared by spin-coating dry-annealed synthetic 
(A) and commercial (B) HA nanoparticles in PLG onto glass substrates.  These surfaces were 
then seeded with primary hOB cells to determine how hOBs respond to HA differences from 
heat treatment.  Surfaces spin-coated with PLG without HA were used as controls.  The resulting 
surfaces were heterogeneous in nature with regions of high and low mineral density dispersed 
through the polymer.  The distribution of particles on the surfaces was similar for the particle 
type (A or B) regardless of dry-annealing time and allows for comparison of the effect of 
annealing HA particles on hOB response on surfaces with similar features.   
Osteoblasts have increased attachment and proliferation on HA nanoparticles with 
increased crystallinity, however, many of these studies often examine crystallinity in the context 
of comparing other phases such as amorphous calcium phosphate [35], change in processing 
methods [37],  or HA size [38].  The synthesis of the HA particles by aqueous precipitation (A 
particles) followed by dry annealing was aimed to introduce changes in crystallinity with 
minimal changes to HA shape and size.  TEM images confirmed the maintenance of shape, 
however XRD indicates a small decrease in size for particles annealed for 3 days.  Increase in 
crystallinity for A particles was observed from increase in splitting factor calculated from 
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phosphate v4 peaks [32] and the appearance of –OH libration peak at 630 cm-1 with longer 
annealing times [34, 29].  For the commercially obtained B particles, an increase in crystallinity 
is not observed with longer annealing time, rather a slight decrease is observed from degree of 
crystallinity determined from XRD and splitting factor from FTIR.  The synthesis method for 
commercial B particles is unknown, however the higher number of narrow peaks in the XRD 
indicate B to be the more crystalline material compared to A.  Synthetic A particles may retain 
water and heat treatment allows for removal of excess water and increased crystallinity while for 
B particles this treatment may introduce more disorder by facilitating carbonate incorporation 
into the lattice [40].  Examining the FTIR spectra more closely, carbonate is present in both A 
and B particles, indicated by peaks at carbonate ν4 around 1450 cm-1, and carbonate v2 around 
870 cm-1 but appears to be greater for B particles [39, 41-43].  The increase in intensity at 630 
cm-1 with annealing time for A particles is indicative of increased lattice order, which allows for 
detection of the –OH libration mode at 630 cm-1 (acid phosphate).  With increased disorder and 
increased carbonate substitution in the lattice, the –OH becomes undetectable, which may be the 
case for B particles.  Additionally, the presence of the peak at 1384 cm-1 indicative of carbonate 
stretching [44] is absent in A particles.  The lower splitting factor values of B particles compared 
to A particles may be due to the disruption of highly crystalline lattice with heat treatment in air 
[45], the wide range of sizes from 20-600 nm [46], and/or the increased carbonate content of B 
particles [47, 48].  The splitting factors of A and B particles corresponds poorly with the pXRD 
spectrum in terms of “crystal quality” where peaks of B are clearly more distinct than A.  This 
discrepancy may be due to the smaller particle size of A particles.     
Primary human osteoblasts were chosen as the cell-type to examine on these surfaces, as 
they are prominent bone cells, sensitive to the bone microenvironment and taken directly from 
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human bone.  Osteoblast attachment to the surfaces was higher for control PLG surfaces and 
surfaces containing B particles and AD3 particles after 4 hrs, however, after 15 hrs, the number 
of cells attached to the surface was roughly the same.  The spreading of the hOBs after 4 hrs 
appear to be greater for control surfaces, BD0, and BD1 surfaces compared to BD3, and A 
particle surfaces.  After 15 hrs, the spreading area is similar for all HA-containing surfaces and 
highest for control surfaces.  The increased spreading of hOBs on HA-free surfaces is maintained 
through culture and the hOBs are observed to have larger nuclei from immunofluorescent 
staining of cultures on day 5 and 28.  The difference in hOB spreading area and nuclei size 
between control and HA-containing surfaces indicate the presence of HA may affect the 
spreading of hOBs.  Visual inspection of surfaces through the duration of culture showed that 
surfaces containing annealed B particles would start to curl away from the glass substrate onto 
itself on day 7 as hOBs proliferated to cover the surfaces while other surfaces remained stable.  
Inspecting the results of alamarBlue assay for metabolic activity showed an earlier increase in 
metabolic activity for cells seeded on B particles compared to A, however as BD0 surfaces had 
the higher increase in activity while the surface remained intact, it is unclear whether the film 
removal from the surface is due to increased interaction of hOBs with the heat-treated B-particles 
or if the heat-treatment changes the manner that PLG interacts with the HA on deposition to the 
glass substrate.   
 Fibronectin is an extracellular matrix (ECM) glycoprotein produced early on after the 
proliferative phase of osteoblasts [49].  This protein has been shown to regulate adhesion and 
migration [50] and is necessary for the function and survival of mature osteoblasts [51] and bone 
development [52].  Immunofluorescent staining of hOB-seeded surfaces after 28 days of culture 
indicate FN production on all surfaces with increased amount of FN on the surfaces containing 
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AD3 and BD3 particles with a more fibrillar appearance.  The increased FN production on the 
surfaces cannot be completely attributed to increased crystallinity of HA as AD1 and AD3 have 
similar levels of crystallinity according to the calculated splitting factor.  OB cultures have 
shown to deposit FN in more organized network pattern in the presence of HA [50].  Heat 
treatment of particles may enhance the molecular interaction of FN with HA on the surface and 
provide signals to encourage FN deposition by the OBs.   
  Dry annealing of HA particles appear to increase FN deposition on the surface and 
enhance OBs interaction with the surface.  However, these effects cannot be completely 
attributed to an increase in crystallinity, if at all, as demonstrated from FTIR studies.  At 3 days 
of annealing, surface roughening may also be occurring and on removal from the oven, 
incorporate water.  Additionally, similarity in cellular response to A and B particles after 3 days 
of annealing may be attributed to A-particle tendency to aggregate and form crystal clusters 
similar in size to B particles to minimize surface roughness differences on the glass substrate.  
The carbonate content of the HA particles has yet to be thoroughly investigated and may play a 
role in molecular-level interaction with OBs.  Further investigation is necessary to elucidate the 
interaction of OBs with annealed HA particles and may be better achieved with the development 
of more uniform surfaces. 
 
3.6 Conclusions 
Osteoblasts are sensitive to their surrounding environment as observed in the experiments 
described above.  Changes in the nanomaterial properties of HA can affect how bone cells 
interact with the bone microenvironment.  In this study, cells attached and spread more readily to 
surfaces without HA, however, with time, metabolic activity was enhanced for cells seeded on 
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HA-containing surfaces.  With longer culture periods, increased presence of FN was observed 
for cultures containing HA with longer heat treatments indicating that heat treatment, 
crystallinity, along with size and morphology can affect OB response to their microenvironment.  
Additional studies are needed to better understand the effects of HA crystallinity on cellular 
activity and exploring larger distributions in size and crystallinity may be necessary depending 
on the sensitivity of cells to smaller or larger differences for better comparison.  These 
investigations should be coupled with techniques to prepare more uniform surfaces to minimize 
effects from heterogeneity between conditions. 
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CHAPTER 4 
HYDROXYAPATITE NANOPARTICLE-CONTAINING SCAFFOLDS FOR THE STUDY 
OF BREAST CANCER BONE METASTASIS 
 
Contributors: Siddharth Pathi, Jason Dorvee, Lara Estroff, Claudia Fischbach-Teschl 
 
4.1 Abstract 
Breast cancer frequently metastasizes to bone, where it leads to secondary tumor growth, 
osteolytic bone degradation, and poor clinical prognosis. Hydroxyapatite Ca10(PO4)6(OH)2 (HA), 
a mineral closely related to the inorganic component of bone, may be implicated in these 
processes. However, it is currently unclear how the nanoscale materials properties of bone 
mineral, such as particle size and crystallinity, which change as a result of osteolytic bone 
remodeling, affect metastatic breast cancer. We have developed a two-step hydrothermal 
synthesis method to obtain HA nanoparticles with narrow size distributions and varying 
crystallinity. These nanoparticles were incorporated into gas-foamed/particulate leached 
poly(lactide-co-glycolide) scaffolds, which were seeded with metastatic breast cancer cells to 
create mineral-containing scaffolds for the study of breast cancer bone metastasis. Our results 
suggest that smaller, poorly-crystalline HA nanoparticles promote greater adsorption of adhesive 
serum proteins and enhance breast tumor cell adhesion and growth relative to larger, more 
crystalline nanoparticles. Conversely, the larger, more crystalline HA nanoparticles stimulate 
enhanced expression of the osteolytic factor interleukin-8 (IL-8). Our data suggest an important 
role for nanoscale HA properties in the vicious cycle of bone metastasis and indicate that 
mineral-containing tumor models may be excellent tools to study cancer biology and to define 
design parameters for non-tumorigenic mineral-containing or mineralized matrices for bone 
regeneration. 
*Portions reproduced with permission from S.P. Pathi, D.D.W. Lin, J.R. Dorvee, L.A. Estroff, C. 
Fischbach, Biomaterials, 2011, 32, 5112-5122. Copyright 2011 Elsevier. 
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4.2 Introduction 
The bone microenvironment is defined by a composite matrix that consists primarily of 
organic collagen and inorganic mineral. Bone mineral is closely related structurally to geologic 
hydroxyapatite (HA) (Ca10(PO4)6(OH)2); however, bone apatites are less crystalline, more 
soluble, and vary in their molecular composition as carbonate ions often substitute for the 
hydroxide and phosphate ions (Ca
10-2x/3
(PO
4
)
6-x 
(CO
3
)
x 
(OH)
2-x/3
) [1]. Furthermore, the size and 
crystallinity of bone apatite crystals change during development, growth, and as a result of bone 
pathologies [2, 3]. While HA is largely known for its role in conferring structural and mechanical 
properties to bone, it also functions as a bioactive material that directly regulates the behavior of 
both normal and transformed cells [4, 5]. For example, HA has been shown to enhance normal 
bone formation [6] and to alter growth and expression profiles of bone metastatic tumors [5, 7]. 
Nevertheless, it remains unclear whether or not apatite crystal properties directly modulate the 
pathogenesis of bone diseases, in general, and bone metastasis, in particular. This lack of 
understanding is partly due to a paucity of culture systems that recreate 3-D tumor 
microenvironmental conditions to study changes in tumor cell behavior as a function of varying 
HA nanoscale properties. Therefore, we sought to utilize synthetically prepared HA 
nanoparticles to determine the impact of particle size and crystallinity on mammary cancer cell 
activity.  
The vast majority of advanced stage breast cancers metastasize to the skeleton, forming 
secondary tumors and interfering with bone remodeling to create predominantly osteolytic 
lesions [8]. These lesions can lead to severe bone pain, pathological fracture, hypercalcaemia, 
and an overall poor clinical prognosis [9]. Osteolysis due to bone metastasis is linked to tumor-
derived soluble factors, such as interleukin-8 (IL-8) and parathyroid hormone related peptide 
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(PTHrP), that de-couple the homeostatic balance between bone formation and bone resorption [8, 
10]. In particular, IL-8, a molecular mediator of osteolysis [5, 10] and tumor progression [11, 
12], is dramatically upregulated in breast cancer tissue relative to normal breast tissue in patients 
[13], and in breast cancer cells that preferentially metastasize to bone rather than lungs [14].  
Though the exact mechanisms by which breast cancer cells preferentially target bone and 
induce pathological remodeling remain unclear, mounting evidence implicates the bone 
microenvironment and specifically HA in this pathogenesis. For example, mammary tumor cells 
increase expression of osteoclastogenic factors upon colonizing bone in vivo [14]. Additionally, 
IL-8 secretion by breast cancer cells is enhanced through cell-HA interactions, and stimulates 
osteoclast-mediated osteolysis [5, 10]. These studies illustrate the important role that bone 
mineral might play in influencing osteolytic metastasis. Since the size and crystallinity of 
biogenic apatite nanocrystals change as a function of age and disease [2, 3], further study is 
required to evaluate the role of these nanoscale properties of HA itself on metastatic bone 
disease.  
Tissue engineered (TE) systems, originally created for regenerative medicine, can be 
used as tools to recreate tumor microenvironmental conditions in vitro. Tumor cells seeded in 
scaffold-based TE systems assemble into tumor-like tissues [11] and exhibit phenotypes that 
more closely mimic in vivo behavior as compared to conventional two-dimensional (2-D) 
cultures [7]. Furthermore, biologically active materials or molecules, such as mineral particles or 
proteins, can be incorporated into TE scaffolds and presented to cells in a spatially controlled 
manner [15]. Bone-like TE systems, including silk-based scaffold systems [16], decellularized 
osteoblast matrices [7], and polymer-HA composites [5, 6, 17] have been created to mimic 
certain features of bone, and several of these systems have been used to study tumor cell 
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behavior [5, 7]. Since bone metastasis can modify the crystallinity and particle size of the 
mineral component of bone [2], a controllable platform is needed to independently interrogate 
cellular responses to a wide range of HA particle sizes and crystallinities in a pathologically-
relevant culture microenvironment. 
 
4.3 Materials and Method 
4.3.1 Particle Preparation 
HA nanoparticles were synthesized through a two-step process in which a typical 
precipitation reaction of a calcium salt with a phosphate salt was followed by hydrothermal aging 
of the precipitate to obtain particles with a narrow size distribution (Fig. 4.1).  
 
 
Figure 4.1:  HA nanoparticle synthesis schematic showing the two-step precipitation reaction to 
obtain poorly crystalline HA followed by hydrothermal aging of the precipitate to obtain 
crystalline HA nanoparticles. 
 
All chemicals for these reactions were obtained from Sigma Aldrich and used as received. A 
solution of (NH4)2HPO4 (90 mL, 10 mM) was added drop-wise into a solution of Ca(NO3)2 (150 
mL, 10 mM) under rapid stirring at 4 °C in an ice-water bath for a final calcium to phosphate 
ratio of 1.67 (A1-A3 particles). The pH of the starting solutions was adjusted to 9-9.5 with 0.1 M 
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NH4OH. In a second reaction, particles were synthesized from a different set of precursors. A 
solution of Na2HPO4 (90 mL, 10 mM) was added drop-wise into a solution of CaCl2 (150 mL, 10 
mM) under rapid stirring at 4 °C until the calcium to phosphate ratio was 1.67 (B1 particles). The 
pH of the starting solutions was adjusted to 9-9.5 with 0.1 M NaOH. In both cases, the reactions 
were allowed to proceed for 1 hr, and then stirred at 20 °C for an additional 12 hrs. The resulting 
opaque suspensions were concentrated 3-fold by centrifugation (Thermo Scientific Sorvall 
Legend RT+ Centrifuge, 3600 g, 5 min) of 45 mL aliquots. After centrifugation, two-thirds of 
the clear supernatant was decanted. The remaining suspension (15 mL) was sonicated for 30 
mins (Bransonic 1510R-MT), placed into a pressure vessel (Parr Instrument Company 276AC-
7304), and aged at 180 °C for the indicated time periods (Table 4.1) in an oven (model no. 
OV12A, GS Blue M Electric). After aging, the particles were removed from the pressure vessel, 
washed with NH4OH (0.1 M) and deionized water (DI-H2O) to remove soluble salts, rinsed with 
acetone, and then dried at 20 °C (A2, A3, and B1 particles). Poorly crystalline particles were 
collected following the precipitation reaction of Ca(NO3)2 and (NH4)2HPO4. The precipitate was 
washed with NH4OH and DI-H2O, rinsed with acetone, and dried at 20 °C (A1 particles). 
Commercial HA nanopowder obtained from Sigma Aldrich (provider specified particle size 
<200 nm) was used for comparison.  
 
4.3.2 Particle Characterization 
Particles were characterized by Transmission Electron Microscopy (TEM) for shape and 
morphology, and X-ray Diffraction (XRD) and Fourier Transform Infrared (FTIR) Spectroscopy 
for crystallinity and phase information. For TEM, particles were suspended in acetone and 
dropped onto a carbon-coated grid (Electron Microscopy Sciences). Samples were examined by 
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brightfield TEM (FEI Tecnai T-12 Spirit, 120 kV), and particle sizes were determined by image 
analysis of the TEM images through ImageJ (NIH). Dried particles were examined via powder 
XRD (PAD-X theta-theta X-ray Diffractometer, Scintag Inc., CuKα 1.54 Å, accelerating voltage 
45 kV, current 40 mA, continuous scan, 2.0 deg/min). Particle sizes were determined from the 
peak broadening of the {002}peak of HA (25.88°) by application of the Scherrer equation  using 
a Al2O3 standard (Software: JADE 9, Materials Data, Inc.). For FTIR (2020 Galaxy Series FT-
IR, Mattson Instruments), KBr pellets were prepared from dried particles and spectra acquired 
(res 4.0 cm-1, 253 scans). Particle crystallinities were determined from the splitting factor 
obtained via normalizing the sum of the absorbance at 562 cm-1 and 600 cm-1 to the minimum 
between the doublet following Weiner and Bar-Yosef [18]. 
 
4.3.3 Scaffold Fabrication 
Porous mineral-containing scaffolds were fabricated by a gas-foaming/particulate 
leaching technique as previously described [5, 6]. Briefly, 4 mg of poly(lactide-co-glycolide) 
(PLG) particles (Lakeshore Biomaterials, ground and sieved, average diameter 250 µm), 4 mg of 
PLG microspheres (formed through a double emulsion process, average diameter 5-50 µm), 8 
mg of HA nanoparticles (A1-A3, B1, SIG), and 152 mg of NaCl (J.T. Baker, sieved to a 
diameter of 250-400 µm) were mixed and subsequently cold pressed in a Carver Press (Fred S. 
Carver). The resulting matrices (8.5 mm diameter, 1 mm in thickness) were exposed to high-
pressure carbon dioxide gas (800 psi) inside a non-stirred pressure vessel (Parr Instruments 
4677). Following rapid release of pressure that allowed polymer foaming, scaffolds were soaked 
in de-ionized water for 24 hrs to leach out porogenic NaCl particles. Non-mineral-containing 
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(NM) scaffolds that did not contain HA were also fabricated as controls. Prior to cell culture, 
scaffolds were sterilized in 70% ethanol for 30 min and washed five times in sterile PBS. 
 
4.3.4 Microscopic Characterization of Scaffolds 
Scaffolds were characterized through TEM, scanning electron microscopy (SEM) and 
brightfield light microscopy to assess particle distribution throughout the polymer matrix. For 
TEM (FEI Tecnai T-12 Spirit, 120 kV), scaffolds were embedded in a UV-active Quetal resin 
(EM Sciences, Fort Washington, PA) and sectioned with a microtome (MT2-B Ultra-Microtome, 
Sorvall Porter-Blum) prior to analysis. For SEM, scaffolds were fractured to expose inner pore 
surfaces and mounted on aluminum SEM stubs (Electron Microscopy Sciences) with carbon tape 
in a manner that allowed subsequent imaging of the exposed surfaces. Particle distribution on 
PLG surfaces were examined on exposed pore surfaces within the scaffold that were unaffected 
by the sample preparation (i.e., not on the fractured surface) and imaged uncoated using a Field-
Emission SEM (Zeiss LEO 1550, 1 kV). Brightfield microscopy of scaffolds was performed on 
an Axio Observer.Z1 (Zeiss).  
 
4.3.5 Analysis of Protein Adsorption on Scaffolds 
To quantify the degree of protein adsorption as a function of HA nanoparticle 
characteristics, scaffolds were incubated in complete DMEM (cDMEM ; i.e., DMEM 
[Invitrogen] supplemented with 10% fetal bovine serum [Tissue Culture Biologicals] and 1% 
penicillin/streptomycin [Invitrogen]). Following 30 min of incubation, scaffolds were washed 
twice in PBS (Invitrogen) and then sonicated (Branson Sonifier 150) in RIPA buffer (Sigma). 
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After centrifugation, total protein in the supernatant was quantified using a Bicinchonic Acid 
(BCA) Kit (Thermo) and colorimetric analysis on a plate reader (Tecan M1000) according to 
manufacturer’s instructions. Additionally, scaffolds were incubated in DMEM supplemented 
with 20 µg/mL of fibronectin (Sigma) and adsorbed fibronectin was analyzed by 
immunofluorescence. Briefly, scaffolds were fixed with 10% formalin, rinsed twice in PBS, and 
then incubated with a polyclonal rabbit anti–fibronectin antibody (Sigma). After a second wash 
with PBS containing bovine serum albumin, scaffolds were incubated with an Alexa Fluor 488 
secondary antibody (Molecular Probes). Whole-mount scaffolds were imaged using an epi-
fluorescence microscope (Zeiss Axio Observer.Z1).  
 
4.3.6 Cell Culture 
Human MDA-MB231 breast cancer cells (ATCC) were maintained under standard 
culture conditions (37°C, 5% CO2) in cDMEM. For 3-D cell culture, scaffolds were statically 
seeded with 1.5 million MDA-MB231 cells and subsequently maintained under dynamic culture 
conditions on an orbital shaker for up to 10 days as previously described [5]. 
 
4.3.7 Analysis of Ion Content in Media from Scaffolds 
To determine changes in calcium and phosphate content in media during culture, 
acellular NM- and A1-scaffolds were incubated in cDMEM under standard culture conditions 
(37°C, 5% CO2). The media was harvested after 2 days, digested in 5% nitric acid, and analyzed 
with inductively coupled plasma spectroscopy (ICP; ICAP 61E Trace Analyzer, Thermo). 
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Additionally, ICP analysis was performed with media harvested from tumor cell-seeded NM- 
and A1-scaffolds after 2 days of 3-D culture. 
 
4.3.8 Characterization of Tumor Cell Behavior 
To measure tumor cell growth, tumor constructs were harvested 30 min after seeding 
(day 0) and again after 72 hrs. Constructs were washed five times in PBS and mechanically 
disintegrated, before being sonicated (Branson Sonifier 150) in lysis buffer (25 mM Tris-HCl, 
0.4 M NaCl, 0.5% SDS). Subsequently, lysates were centrifuged, and the supernatant was 
assayed for DNA content using PicoGreen® assay (Invitrogen) and a fluorescence plate reader 
(Tecan M1000) according to manufacturer’s instructions. Protein secretions in media from 
constructs were also analyzed 72 hrs after seeding. Briefly, breast cancer cell-seeded scaffolds 
were transferred to fresh well plates 24 hrs prior to harvesting media for analysis, and culture 
medium was changed to DMEM containing 1% FBS. IL-8 of harvested media was measured via 
ELISA (R&D) according to manufacturer’s instructions and normalized to DNA content to 
account for differences in cell number. For analysis of IL-8 expression, RNA was collected by 
dissolving tumor cell-seeded scaffolds in TRIzol® (Invitrogen) and then extracting total RNA 
according to manufacturer protocol. Total RNA (1 μg) was then reverse transcribed to cDNA 
(High Capacity cDNA Reverse Transcription Kit with random hexamers [(Applied 
Biosystems)]), and subjected to real-time RT-PCR (25 ng template, run in triplicate) using 
SYBR green detection (Quanta) on an Applied Biosystems 7500 System. Primer sequences for 
human IL-8 (fwd: 5’-agaaaccaccggaaggaaccatct-3’, rev: 5’-agagctgcagaaatcaggaaggct-3’) and β-
actin (fwd: 5’-aatgtggccgaggactttgattgc-3’, rev: 5’-aggatggcaagggacttcctgtaa-3’) were 
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synthesized by IDT Technologies. β-actin was used as an endogenous loading control gene, and 
relative quantification was performed using the ΔΔCt method as previously described [19]. 
 
4.3.9 Statistical Analysis 
One-way ANOVA and Student’s t-test were used to determine statistical significance 
between conditions. Tukey’s post test was used for pairwise comparisons. Significance between 
groups and NM, A2, and B1 scaffolds (see Table 1) are denoted by (*), (#), and (o) respectively. 
In all cases, P<0.01 is indicated by a single symbol and P<0.005 is denoted by double symbols. 
For all experiments, sample conditions were run in triplicate or greater. Data are presented as 
averages, and error bars represent standard deviations.  
 
4.4 Results 
4.4.1 Particle Synthesis and Characterization 
Synthetic HA (sHA) with varying nanoscale characteristics can be formed via solution-
based precipitation reactions, hydrothermal synthesis, electrodeposition, or sintering [1, 20]. The 
sHA nanoparticles used for the fabrication of mineral-containing scaffolds were obtained from 
either a two-step synthesis involving a precipitation reaction followed by hydrothermal aging or 
a commercial source for comparison (Fig. 4.1, Table 4.1). To synthesize poorly crystalline 
particles (A1), solutions of calcium and phosphate salts were mixed together rapidly at low 
temperature. Remaining particles (A2, A3, and B1) were prepared by hydrothermally aging a 
suspension of the particles from the precipitation reaction. The size and crystallinity of the 
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particles increased with aging time (A2, A3), and could also be varied by changing the precursor 
salts (B1).  
Particle shape and size distributions of both the sHA and commercial HA were 
determined by TEM (Fig. 4.2).  
 
Figure 4.2: TEM images of the different HA particles used to prepare mineral-containing PLG-
scaffolds: Commercial Sigma Aldrich particles, (shown at low [SIGa], and high [SIGb] 
magnification), HA particles synthesized from Ca(NO3)2 and (NH4)2HPO4 precursors with 
hydrothermal aging times of 0 hrs (A1), 0.5 hrs (A2), and 72 hrs (A3), and particles synthesized 
from CaCl2 and Na2HPO4 precursors aged for 1.5 hrs (B1). 
 
The sHA particles that were formed from the initial precipitation reaction (A1) were small and 
poorly crystalline; however, hydrothermally aging these same particles resulted in the formation 
of uniform, larger, faceted, and elongated particles with a narrow size distribution (A2 and A3). 
Similar to previous observations [1], the length of the rod-like particles increased with aging 
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time from 20-40 nm after 0.5 hrs of aging (A2) to 60-170 nm after 72 hrs of aging (A3). Using a 
different set of precursor salts and shorter aging time (1.5 hrs), rod-like particles (B1), with 
lengths similar to A3 (50-150 nm), were also obtained. In contrast to the sHA particles, the SIG 
particles were spherical and exhibited a wide range of sizes (20-600 nm in diameter). 
All of the synthetic particles were pure HA according to powder X-ray diffraction 
(pXRD) (Fig. 4.3). The diffraction pattern of the SIG particles, however, contained unidentified 
peaks in addition to those indexed to HA (ICDD PDF no. 09-0432). The pXRD also provides 
information regarding the particle size and crystallinity. Scherrer analysis of the {002} peak 
width (25.88°) revealed that the average length of the particles to be 24 nm (A1), 32 nm (A2), 
103 nm (A3), 100 nm (B1), and 125 (SIG) (Table 4.1). The increase in the number of clearly 
resolvable peaks at higher angles for A3 and B1 particles suggest an increase in crystallinity 
compared to A1 and A2 particles. 
 
Figure 4.3: pXRD patterns of particles SIG, A1-A3, and B1. All samples are confirmed to be 
HA. Major peaks have been labeled with HA crystal indices. Peaks not characteristic of HA 
pXRD pattern in SIG are indicated by (*). (ICDD PDF no. 09-0432) 
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FTIR results confirmed the increase in crystallinity for the larger particles obtained from 
longer hydrothermal aging times and varying precursor salts (A3, B1). The absorbance at 630 
cm-1 is attributed to structural hydroxides in HA and is known to increase with enhanced 
crystallinity (Fig. 4.4) [21]. This absorbance was undetectable for the poorly crystalline HA 
(A1), and increased in intensity for nanoparticles A2, A3, and B1. The increase in crystallinity 
was further confirmed from calculation of the splitting factor (Table 4.1). The splitting factor, 
which quantifies the degree of splitting of the PO4 bond bending (ν4) peaks (562 cm-1 and 600 
cm-1), is known to increase with increasing crystallinity [18]. Interestingly, although A3 and B1 
are similar in length, B1 had nearly twice as large a splitting factor, indicating differences in 
crystallinity between the two similarly sized particles made from different precursor salts (Table 
4.1). 
 
Figure 4.4: FTIR spectra of particles SIG, A1-A3, and B1. Positions of characteristic HA peaks 
are indicated. 
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Table 4.1:  Summary of particle characterization, detailing precursor material, hydrothermal 
aging time, size of particles determined via TEM and XRD, and splitting factor determined via 
FTIR. 
Sample 
ID 
Precipitation 
Precursors Aging time [h] 
Length 
[nm]a 
(TEM) 
Bulk Length 
[nm]b (pXRD)  
Splitting Factor 
(FTIR)c 
SIG Commercial Sigma N/A 20-600 125 2.07 
A1 Ca(NO3)2, (NH4)2HPO4 0 --- 24 2.56 
A2 Ca(NO3)2, (NH4)2HPO4 0.5 20-40 32 3.61 
A3 Ca(NO3)2, (NH4)2HPO4 72 60-170 103 3.99 
B1 CaCl2, Na2HPO4 1.5 50-150 99 6.60 
aThe range of particle lengths observed from TEM micrographs along the c-axis.  Lengths of A1 particles could not 
be determined from TEM. 
bAverage lengths of the particles were obtained via Scherrer analysis of the {002} peak from pXRD.   
cSplitting factors were obtained from FTIR spectra by normalizing the sum of the absorbance at 562 cm-1 and 602 
cm-1 from PO4 bond bending (ν4) to the minima between the two peaks. 
 
4.4.2 Scaffold Characterization 
The micro- and nano-architecture of the scaffolds was analyzed via brightfield light 
microscopy, SEM and TEM. Mineral-free (NM-scaffolds), SIG-scaffolds, and A3-scaffolds were 
compared to assess the integration of different particles into the bulk-PLG. Incorporation of the 
SIG and A3 nanoparticles did not change the microarchitectural characteristics (i.e., pore size 
and wall thickness) of the scaffolds compared to the NM-scaffold as shown by brightfield light 
microscopy (Fig. 4.5).  
 
Figure 4.5: Light microscope images showing the pore distribution of NM-scaffold (A) and A3-
scaffold (B).  
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The distribution of both A3 and SIG particles on pore surfaces within the scaffolds was revealed 
by SEM micrographs.  Despite the differences in particle morphology, similar surface coverage 
was observed for both the rod-like A3 particles and spherical SIG particles.  Both scaffold types 
contained regions of high and low particle density, as well as areas without surface-associated 
HA (Fig. 4.6). High magnification SEM images of the A3 and SIG scaffolds (Fig. 4.6C, D) 
further illustrated that the surface topography is dictated by the morphology of the incorporated 
particles and reflects the rod-like and spherical morphology of A3 and SIG particles.  
 
 
Figure 4.6: SEM micrographs of A3-scaffold (A, C) and SIG-scaffold (B,D) show the 
distribution of A3 and SIG particles on pore surfaces exposed after fracture of a scaffold.  
Regions of high particle density (*), low particle density (O), and pores in the scaffold (#) were 
observed for both scaffolds (A, B).  Residual salt crystals are indicated (x).  Arrows point to 
individual A3 particles (C) and SIG particles (D). 
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TEM micrographs of sectioned A3-scaffolds revealed that HA particles were localized at or near 
the pore surfaces, with a small number of particles completely embedded within the bulk-PLG 
(Fig. 4.7). This distribution of particles suggests that a majority of the particles are accessible for 
interaction with seeded cancer cells. 
 
Figure 4.7: TEM micrograph of an A3-scaffold shows the distribution of the particles (indicated 
by arrows) in the bulk (indicated by ‘O’) and the pores (indicated by ‘#’) of the polymeric 
matrix.  Inset: Higher magnification image of the area indicated by a box. 
 
4.4.3 Serum Protein Adsorption 
To assess whether the HA nanoscale characteristics modulate cellular interactions with 
scaffolds, we next determined the capacity for protein adsorption of the different mineral-
containing scaffolds. When incubated in serum-containing media (DMEM + 10% FBS), mineral-
containing scaffolds adsorbed significantly more protein than control NM-scaffolds, and 
furthermore, the scaffolds with the smallest and least crystalline HA nanoparticles (A1) adsorbed 
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the most serum proteins, as determined by a colorimetric assay (Fig. 4.8A). Specifically, 
scaffolds with poorly crystalline particles (A1) adsorbed two-fold more serum protein as 
scaffolds with 103 nm long particles (A3). Furthermore, A3-scaffolds adsorbed significantly 
more protein than the more crystalline B1 scaffolds, yet these two particles did not vary in size. 
Incubating scaffolds in pure solutions of fibronectin, an adhesive serum protein that readily 
adsorbs onto most biomaterial surfaces [22], yielded similar trends as indicated by fibronectin 
immunofluorescence (Fig. 4.8B).  
 
Figure 4.8: (A) Serum protein adsorption on non-mineral-containing (NM) and mineral-
containing (A1-A3, B1, SIG) scaffolds as quantified via colorimetric BCA analysis of scaffold 
lysates prepared after incubation with serum-containing cell culture media. (B) 
Immunofluorescence analysis of fibronectin (FN) adsorption onto non-mineral-containing (NM) 
and mineral-containing scaffolds containing small, poorly crystalline (A1) and highly crystalline 
HA particles (B1). Significance between groups and NM, A2, and B1 scaffolds are denoted by 
(*), (#), and (o) respectively. In all cases, P<0.01 is indicated by a single symbol and P<0.005 is 
denoted by double symbols. 
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To control for changes in surface area as a function of particle size and/or shape, fibronectin 
adsorption experiments were repeated with scaffolds containing HA nanoparticles in amounts 
normalized to surface area. Under these conditions, scaffolds containing smaller, poorly 
crystalline nanoparticles (i.e. 20 nm long) adsorbed significantly more fibronectin relative to 
those with longer, more crystalline particles (i.e. 80 nm and 100 nm long) (Fig. 4.9A).   
 
Figure 4.9: Effect of HA nanoparticle characteristics on fibronectin adsorption (A) and IL-8 
secretion (B) following surface normalization. Separate sets of hydrothermally prepared 
nanoparticles were used for each experiment and the amount of HA in each scaffold was 
normalized to surface area assuming a prismatic geometry with lengths and widths estimated 
from TEM micrographs. (A) Fibronectin (FN) adsorption on mineral-containing scaffolds as 
determined via colorimetric analysis of scaffold lysates prepared after incubation with 
fibronectin solution. (B) IL-8 secretion by MDA-MB231 breast cancer cells as analyzed through 
ELISA of conditioned media collected from mineral-containing scaffold cultures. IL-8 levels 
were normalized to cell numbers as determined via PicoGreen DNA assay to account for changes 
in cell proliferation.  Significance between groups and 100 nm particle lengths are denoted by 
(*). In all cases, P<0.01 is indicated by a single symbol and P<0.005 is denoted by double 
symbols.  
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These results suggest that HA particle characteristics, in addition to purely surface area, regulate 
the adsorption of serum proteins that may in turn modulate cell behavior.  
 
4.4.4 Scaffold and Particle Integrity in Culture Conditions 
To determine if HA nanoparticle solubility contributes to calcium and phosphate content 
in media, which during cell culture could lead to differences in cell behavior, the elemental 
composition of media harvested from scaffolds was analyzed via ICP (Fig. 4.10).  
 
Figure 4.10: Calcium (white) and phosphorus (black) content of media harvested from non-
mineral-containing (NM) and mineral-containing (A1) scaffolds after 2 days of culture in the 
presence and absence of MDA-MB231 breast cancer cells as determined by ICP. Culture media 
incubated for the same period of time, but not exposed to scaffolds or cells was used as a control 
(Media).  
 
A1-scaffolds were used for this experiment since poorly crystalline HA has increased solubility 
compared to more crystalline HA [1] and would be most susceptible to potential dissolution. 
Analysis was performed on both cell-seeded and cell-free scaffolds, revealing that the calcium 
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concentrations remained unchanged for all conditions and matched concentrations found in 
cDMEM. Similarly, non-seeded scaffolds exhibited unfettered phosphorous levels equal to 
concentrations found in cDMEM. In contrast, phosphorus concentrations increased for both the 
NM and A1-scaffolds that were seeded with cells. This increase was attributed to the presence of 
the cancer cells rather than the dissolution of HA particles. Overall, our findings show that any 
observed effects of mineral-containing scaffolds on cell behavior are related to cell-material 
interactions with HA nanoparticles and not the presence of increased levels of soluble calcium 
and phosphorous. 
 
4.4.5 Effect of HA Crystallinity and Particle Size on MDA-MB231 Adhesion and Growth 
To determine the relevance of mineral characteristics to breast cancer cell colonization 
and growth within bone, we seeded MDA-MB231 breast cancer cells into mineral-containing 
PLG scaffolds and evaluated their adhesion and proliferation as a function of HA nanoparticle 
characteristics. In comparison to NM scaffolds, all of the mineral-containing scaffolds enabled 
significantly more cell adhesion as detected by DNA quantification following initial cell seeding 
(Fig. 4.11A). Similar to the increased protein adsorption (Fig. 4.8), cell adhesion was greatest 
within scaffolds containing small, poorly-crystalline nanoparticles (A1) as compared to larger 
and more crystalline HA scaffolds (A2, A3, and B1) suggesting a possible link between HA-
regulated protein adsorption and cell adhesion. Likewise, significantly more cells adhered to A3 
scaffolds than B1 scaffolds, suggesting that increased HA crystallinity inhibits breast cancer cell 
adhesion by suppressing protein adsorption. Importantly, tumor cell proliferation was also 
affected by the presence of different HA nanoparticles and followed similar trends as observed 
for cell adhesion (Fig. 4.11B).  
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Figure 4.11:  (A) MDA-MB231 cell adhesion onto non-mineral-containing (NM) and mineral-
containing scaffolds (A1-A3, B1, SIG) as quantified via PicoGreen DNA assay of cell lysates 3 
hours after seeding. (B) MDA-MB231 growth 3 days after seeding of non-mineral-containing 
(NM) and mineral-containing scaffolds (A1-A3, B1, SIG) as analyzed by PicoGreen DNA assay. 
Values are depicted relative to day 0 to account for variations in initial cell adhesion between the 
individual groups. Significance between groups and NM, A2, and B1 scaffolds are denoted by 
(*), (#), and (o) respectively. In all cases, P<0.01 is indicated by a single symbol and P<0.005 is 
denoted by double symbols. 
 
4.4.6 IL-8 Secretion by MDA-MB231 Cells as a Function of HA Crystallinity and Particle Size  
To evaluate the effect of HA nanoparticle characteristics on the osteolytic capability of 
breast cancer cells, we analyzed IL-8 secretion by MDA-MB231 cells in the different scaffolds. 
Interestingly, in contrast to cell adhesion and proliferation, IL-8 secretion was inversely 
regulated by HA crystallinity and size. Specifically, cellular secretion of IL-8 was greatest in 
scaffolds that incorporated highly crystalline HA (B1) (Fig. 4.12A), while scaffolds that 
contained similarly sized, but less crystalline HA (A3) secreted significantly less IL-8. 
Furthermore, tumor cells cultured in scaffolds with the smaller and less crystalline particles (A1, 
A2) secreted less IL-8 relative to the highly crystalline particles (B1). These changes in secretion 
98 
 
were mimicked at the expression level, as real-time RT-PCR demonstrated upregulation of IL-8 
in cells seeded in scaffolds containing larger HA crystals as compared to less crystalline HA 
conditions or NM controls (Fig. 4.12B).  
 
Figure 4.12: (A) IL-8 secretion by MDA-MB231 breast cancer cells as analyzed through ELISA 
of conditioned media collected from non-mineral-containing (NM) and mineral-containing 
scaffold cultures (A1-A3, B1, SIG). Values were normalized to cell numbers as determined via 
PicoGreen DNA assay to account for changes in cell proliferation. (B) IL-8 mRNA expression 
by MDA-MB231 breast cancer cells as analyzed through quantitative real-time RT-PCR of 
lysates collected from non-mineral-containing (NM) and representative mineral-containing 
scaffold cultures (A1, B1, SIG). Values are shown as normalized to expression levels in NM 
scaffold cultures. Significance between groups and NM, A2, and B1 scaffolds are denoted by (*), 
(#), and (o) respectively. In all cases, P<0.01 is indicated by a single symbol and P<0.005 is 
denoted by double symbols. 
 
To confirm that these outcomes resulted from nanoparticle characteristics and not a change in 
surface area due to particle size and/or shape, experiments were repeated with scaffolds 
containing HA nanoparticles in amounts normalized to surface area. In these experiments, the 
scaffolds containing larger, more crystalline HA still increased IL-8 secretion (Fig. 4.9B). Taken 
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together, these data suggest a role of HA nanoparticle characteristics, beyond size, in regulating 
the osteolytic potential of MDA-MB231 breast cancer cells. 
 
4.5 Discussion 
 
Since bone metastasis often leads to the formation of osteolytic lesions [8] that are 
characterized by less crystalline and smaller apatite particles relative to healthy bone [2], studies 
of breast cancer bone metastasis would benefit from HA-containing scaffold systems in which 
particle size and crystallinity can be independently varied. While 3-D culture approaches have 
enhanced the physiological relevance of in vitro studies [11, 23], models to investigate cell-
mineral interactions in response to specific HA nanoparticle characteristics currently do not 
exist. Commercially available HA particles, which are routinely employed for the fabrication of 
mineral-containing scaffolds [5, 6], are heterogeneous in size, shape, and chemical composition 
as shown by us (Fig. 2A, B) and others [24]. Gas-foamed/particulate-leached polymer composite 
scaffolds have previously been used to effectively present mineral to cultured cells [5, 6], and we 
have applied this platform to present hydrothermally grown HA particles with tunable nanoscale 
characteristics to cells in a 3-D culture context. Specifically, we have used these scaffolds to 
study the effects of HA particle size and crystallinity on breast cancer cell behavior and have 
demonstrated that altering the crystal properties of HA may control the osteolytic and metastatic 
phenotype of breast cancer cells. 
Several methods have previously been used to synthesize HA nanoparticles with narrow 
size distributions [20, 25]. Many of these methods depend on the presence of surfactants or 
fractionation to control the size distribution, and the resulting particles have organic impurities 
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and are produced in low yields [26, 27]. Here, we describe an optimized technique for the 
synthesis of HA nanoparticles, which does not require additives or elaborate separation 
techniques to obtain narrow size distributions. The two-step process involves a wet chemical 
precipitation followed by hydrothermal aging and yields hydroxyapatite nanoparticles of tunable 
sizes, crystallinity, and, possibly, composition. Compared to conventional hydrothermal HA 
particle synthesis methods whereby particles are made directly in hydrothermal reactions [1, 20], 
the division of the process into two steps ensures size uniformity by separating the nucleation 
and growth processes of the HA particles. The precipitation step nucleates HA seed crystals, 
while the hydrothermal aging step controls the growth of the seed crystals into larger particles 
[28]. To generate HA nanoparticles of systematically varying crystallinity and size, we varied the 
hydrothermal aging times (A1, A2, A3) and utilized different precursor salts (B1), while 
maintaining temperature and pH. Extensive characterization via TEM, SEM, FTIR, and pXRD 
defined the specific nanoscale properties of the resulting particles (Table 4.1). In particular, the 
importance of the choice of precursor salts is evident in comparing A3 particles and B1 particles, 
which exhibited similar length, but varied in crystallinity. The resulting particles ranged from 
having biologically relevant lengths and crystallinities (A1) [2, 3] to longer dimensions and 
higher crystallinities (A2, A3, B1), enabling us to systematically evaluate the effects of 
nanoparticle size on tumor cell behavior. Incorporation of these well-defined particles into PLG 
scaffolds resulted in the presentation of the particles at the porous surface of the scaffolds, 
enabling interactions with seeded cells (Fig. 5). Such scaffold systems will be critical for the 
identification of parameters for the design of non-tumorigenic mineral-containing and 
mineralized matrices for bone regeneration.  
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It has been shown that HA and other calcium phosphate surfaces efficiently adsorb 
adhesive and serum proteins (e.g. fibronectin) that are crucial in mediating cell attachment and 
tissue formation [5, 29-31]. Other studies with different material systems have demonstrated that 
nanoparticle size modulates protein adsorption [32], and our results further indicate that altering 
the nanoscale properties of HA affects overall protein adsorption behavior (Fig. 4.7). 
Specifically, our studies reveal that the overall magnitude of protein adsorption decreases 
monotonically with increasing HA crystal size. Additionally, decreasing the crystallinity of HA 
nanoparticles (assessed by the IR splitting factor) independent of overall size also increases the 
protein adsorption capacity of the scaffolds, as indicated by differences in serum protein 
adsorption between scaffolds fabricated from particle sets A3 and B1 (Fig. 4.7A). Overall 
available scaffold surface area may vary based on particle size and shape, and these changes may 
contribute to the observed differences in protein adsorption. Nevertheless, our results measured 
with scaffolds in which the amount of HA was normalized to surface area indicate that 
nanoparticle characteristics also modulate total adsorption capacity (Fig. 9A). These changes in 
protein adsorption may have important implications for general bone function as well as 
metastatic bone disease, as altered protein adsorption broadly modulates cell adhesion, 
proliferation, and survival of osteoclasts [33], osteoblasts [4, 29, 30], and breast cancer cells [5]. 
It is likely that adsorbed RGD-containing proteins, such as fibronectin, may be involved in these 
effects, as these biomolecules regulate cell attachment [34], focal adhesion formation [35], and 
proliferative signaling pathways [36]. 
Cell behavior is affected by mineral characteristics. For example, osteoblasts respond 
differently to HA as compared to tricalcium phosphate (TCP) [37], and amorphous calcium 
phosphate and highly crystalline HA exhibit varying levels of osteoconductivity [38]. Similarly, 
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HA and TCP elicit varying levels of differentiation in pre-osteoclasts [39] and resorptive activity 
in mature osteoclasts [40]. Additionally, the results of our study indicate that nanoscale mineral 
properties are crucial regulators of tumor cell behavior. In particular, scaffolds that contained 
smaller and less crystalline particles and adsorbed more adhesive proteins out of serum also 
supported more initial breast cancer cell adhesion and proliferation (Fig. 8A, B). While enhanced 
secondary tumor formation in the bone is generally attributed to resorptive release of growth 
factors and other soluble cues [8], our data support the idea that direct interactions with the 
mineral matrix could give rise to increased tumor formation and cancer cell growth in the bone 
microenvironment. Pathologically, our data suggest that exogenously introduced HA may 
regulate cellular adhesion and growth through adhesive protein adsorption, and thereby serve as 
a high affinity-substrate for metastasizing breast cancer cells. In vivo, TE bone has been observed 
to serve as a metastasis target [16], and recent evidence indicates that cancer cell-bone matrix 
interactions activate invasive and proliferative potential [7], further supporting the contention 
that HA may be involved in the breast cancer cell avidity for bone. 
 IL-8 secretion is linked closely to osteoclast-mediated osteolysis in metastatic breast 
cancer [10] and is known to be enhanced through cell-HA interactions [5]. Our current study 
suggests that the nanoscale properties of HA strongly affect overall IL-8 expression, with larger 
and more crystalline HA stimulating significant IL-8 upregulation in breast cancer cells (Fig. 
4.10). This finding is somewhat surprising since IL-8 expression may be expected to correlate 
with protein adsorption, as integrin engagement affects IL-8 transcription in certain cancers [41]. 
However, upon adsorption onto surfaces, in particular crystals, protein conformation, and 
possibly the presentation of cellular binding sites, may change [31, 42]. Therefore, it is possible 
that though more protein is adsorbed to the smaller, less crystalline particles, these proteins no 
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longer have their native conformation and do not trigger IL-8 expression. It is also possible that 
the cell-mineral interactions affect IL-8 production by breast cancer cells through other 
mechanisms. For example, nanoparticles could become loosened from the scaffold during cell 
growth and induce an inflammatory reaction, as environmental particles are known to activate 
proinflammatory signaling [43]. Although not clear from the current study, our mineral-
containing system could be further employed to investigate these possibilities. 
While the insights provided by our system have pathological significance, future studies 
can take into account the broader complexity of breast cancer and the bone microenvironment. 
For example, in this study we have solely tested the cellular response of a highly metastatic 
breast cancer cell line, but it is possible that non-metastatic breast cancer cells may also be 
responsive to HA. In fact, HA may promote growth and invasiveness in non-metastatic breast 
cancer cell lines, and this response may be clinically significant, as microcalcifications in the 
breast are associated with malignancies and could potentially play a role in driving tumor 
progression [44]. Furthermore, this platform could be used to investigate interactions between 
breast cancer cells and osteoblasts and osteoclasts to fully recapture the cellular aspect of bone. 
Both of these cell types induce the osteolytic capability of breast cancer cells [5, 10, 45], and 
both may be affected by nanoscale HA characteristics [46, 47]. Mineral-containing tumor models 
incorporating hydrothermally-aged HA nanoparticles provide the capability to address these 
aspects of the bone microenvironment and thereby have the potential to improve our 
understanding of the molecular mechanisms underlying bone metastasis that may ultimately 
enable the discovery of novel therapeutic targets for patient care. Moreover, the use of sHA in 
culture models could broadly provide insight into basic bone biology and the potential risks of 
new classes of mineralized and mineral-containing matrices for bone regenerative technologies. 
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4.6 Conclusions 
We have created a mineral-containing platform that recreates certain aspects of the 3-D 
bone microenvironment by incorporating well-defined sHA nanoparticles into a TE biomaterial 
scaffold. We have used this platform to investigate the effect of nanoscale HA characteristics on 
breast cancer cell behavior, and our study indicates that the nanoscale properties of HA play a 
key role in regulating breast cancer cell behavior. In conjunction with previous evidence that 
osteolytic lesions are sites of low-crystallinity and smaller mineral particles [2], this work 
suggests that altering the nanoscale properties of microenvironmental bone mineral could play a 
role in the formation of a metastatic niche in bone supporting enhanced tumor cell colonization 
and growth. Specifically, we have demonstrated that smaller, less crystalline HA particles 
increase cellular adhesion and growth, while larger and more crystalline HA enhances breast 
cancer cell expression of the osteolytic factor IL-8. Overall, our findings provide new evidence 
that the vicious cycle of bone metastasis is not only mediated by growth factors in the bone 
microenvironment, but also by the actual materials characteristics of the mineral matrix.  
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CHAPTER 5 
DEVELOPMENT OF A 3-D CULTURE SYSTEM FOR DIFFUSION-CONTROLLED 
GRADIENT FORMATION 
 
Contributors: Omotunde Babalola, Jason Dorvee, Antoine Bordereau, Kevin Eckes, Adele Boskey, Lawrence 
Bonassar, Lara Estroff. 
 
 
 
5.1 Abstract 
Many biological tissues are formed and maintained in spatially and temporally graded 
environments that help regulate cellular function.  Understanding how cells are affected by and 
how they control spatial and temporal chemical and physical gradients can lead to potential 
solutions for tissue growth and repair.  This work shows a procedure for introducing cells into a 
simple 3-D culture system that allows for 1-D diffusion through the culture.  The system was 
constructed from a gas-permeable tube, filled with 2 wt% agarose, connected to two reservoirs 
containing sodium bicarbonate (NaHCO3) or HEPES buffered media.  Bovine articular 
chondrocytes were selected as the cell type to examine for this study as they are under directional 
gradients of oxygen, nutrients, and pH in native cartilage due to the avascular nature of the tissue 
as well as the presence of a gradient of mineral at the osteochondral interface between cartilage 
and bone.  Cellular viability was examined through 5, 9, and 12 days in the carbonate buffered 
system, and through 6 days for the HEPES system.  NaHCO3-buffered systems were able to 
sustain a viability of greater than 90% through 12 days.  The viability of cells in HEPES buffered 
systems was much lower (below 16% through 6 days). The matrix production in NaHCO3-
buffered STRS was examined at 5 days via histological staining with safrinin-O.  To examine 
mineral formation in the gels in the presence of chondrocytes, CaCl2 and Na2HPO4 were 
introduced into opposing reservoirs.  Bands of calcium phosphate mineral were unable to form in 
the gels for NaHCO3-buffered systems due to the precipitation of calcium carbonate in the 
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calcium reservoirs.  HEPES buffered systems were able to form mineralized bands of calcium 
phosphate at 50 mM CaCl2 and Na2HPO4.  Cell culture systems such as the one developed here 
that allow for dynamic development of 3-D physical and chemical gradients can provide 
controlled means to study the development and activity of cells under temporal and spatial 
gradients.   
 
5.2 Introduction 
This chapter describes the development of a dynamic 3-D cell culture system that allows 
for gradients of ions, gases, and other molecules to diffuse through the system in the presence of 
cells.  Functionally graded systems are inherent in complex systems found in nature and regulate 
multiple cellular processes for tissue development, healing, and cancer metastasis in tissues [1].  
The generation and maintenance of molecular, mechanical, and temporal gradients is a dynamic 
process that can involve multiple cell types, length scales, and signaling molecules.  To improve 
understanding of graded systems, development of a dynamic system that allows for the presence 
of physical and chemical gradients can provide a controlled means to design materials as well as 
to provide platforms we could use to study the development and activity of different cell types 
under temporal and spatial gradients. 
Developing cell culture systems allowing for the presence of spatial and temporal 
gradients is challenging.  Ideally, the culture will be able to support cell proliferation and 
differentiation, as well as retain the extracellular matrix produced by the cells [2], while 
maintaining chemical and/or physical gradients.  Hydrogels are good platforms for cell culture as 
they can structurally mimic the extracellular matrix of tissues, provide a scaffold for cells, and 
act as a medium for creating gradients [3-5].  Several systems have been developed to form gels 
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with gradients in mechanical properties by changing gel porosity [6], gel stiffness [7], or glass or 
ceramic content [8-10].  Chemical gradients have also been developed through covalently 
binding biomacromolecules to the gel [11], diffusing proteins from embedded beads [12], or 
culturing cells in wells spatially located on a gel [9].  These techniques have provided insights 
into how cells respond to physical and chemical gradients.  However, tailoring gels for 
mechanical or chemical gradients spatially excludes the possibility of examining temporal 
changes, while diffusive techniques often allow for radial dispersion of the molecule of interest 
with little directional control. 
Several hydrogel systems have been developed to examine crystal growth processes that 
occur in nature under the presence of ion gradients [13, 14].  Although crystal growth in gels is 
often done in the context of growing larger crystals via diffusion [15], the interest in the 
formation of mineralized tissues has stimulated advances in developing hydrogel diffusion 
systems to examine crystal growth processes in gels in the presence of non-collagenous proteins, 
which are associated with the mineralization process of bone and teeth [13, 16-19].  In particular, 
Boskey developed a system that utilizes gels with long (6 cm) path lengths in order to obtain 
dynamic diffusion gradients of ions.  The creation of dynamic temporal and spatial gradients 
through a hydrogel suggests the possibility of adapting such a system for cell culture systems.   
Introducing cells into a similar system allows for the study of cell activity in the presence 
of 1-D dynamic gradients and how changes in gradients can affect cellular function.  Herein, a 
double diffusion system, called the Single Tube Reservoir System (STRS), was developed to 
support cell proliferation and viability by encapsulating cells into gas-permeable tubes filled with 
agarose gel and connecting the ends of the tube to two reservoirs.  Initial tests have also been 
conducted to examine the effect of diffusing calcium (Ca) and phosphate (P) ions through 
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opposing reservoirs in this system.  Such a system provides a means to apply different gradients 
of ions, nutrients, or gases to various cell types via diffusion and allows for examination of how 
cells respond to the presence of such gradients. 
Bovine articular chondrocytes were selected as the cell source for evaluating the efficacy 
of the STRS. The osteochondral interface is an excellent example of a graded interface in 
biology.  The avascular nature of cartilage and the presence of the mineral barrier between 
cartilage and bone [20, 21] make this system an ideal starting point to evaluate the diffusion 
system as a platform for studying cell-mediated biomineralization. Due to the lack of blood 
vessels and the mineral barrier, delivery of nutrients and oxygen to articular chondrocytes in situ 
is dependent upon diffusion of the molecules from the synovial fluid of the joints to the cartilage.   
Glucose and oxygen concentrations have been reported to decrease from the articular surface to 
the osteochondral interface [22, 23].  The directionality of this diffusion transport results in 
gradients of glucose, pH, and oxygen, from the proximal to distal end of cartilage tissues, which 
in turn subjects chondrocytes embedded within the cartilage matrix to the gradients as well.  As a 
result, chondrocytes in the deep zone of cartilage experience a more hypoxic environment than 
cells located in the middle and superficial zones [20, 21].  In addition to the distance between the 
subchondral bone and the superficial zone and synovial fluid interface, chondrocytes located 
closest to the synovial fluid interface at the superficial zone have more access to nutrients than 
chondrocytes located in the deep zone of cartilage (closer to the bone).    
The role of the mineralized region of articular cartilage is not limited to acting as a barrier 
for nutrients from bone.  The region also provides a transition of mechanical properties from stiff 
bone to compliant cartilage via a gradient of mineral spanning approximately 100 μm [24].  
Damage to cartilage is hard to repair due to this sharp transition in modulus, which necessitates 
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the development of biomaterials that are composed of compliant and stiff biomaterials matching 
the properties of both cartilage and bone [25].  From a tissue engineering standpoint, 
understanding the formation and regulation of the mineral interface would advance biomaterial 
development for cartilage repair.  The role of articular chondrocytes on mineralization is unclear, 
however calcification of articular cartilage occurs predominately at the osteochondral interface 
[26] and studies have indicated that changes in the cartilage matrix such as collagen denaturation 
[27] and proteoglycan degradation [28] observed in osteoarthritis can lead to mineralization of 
cartilage.  The presence of these gradients in cartilage as well as the complexity of the 
osteochondral interface make articular chondrocytes an ideal cell type for evaluating the STRS 
for cell culture under 1-D diffusion gradients for mineralization. 
 
5.3 Materials & Methods 
5.3.1 Single Tube Reservoir System (STRS) Design 
  The STRS is composed of a gel-filled tube connecting two reservoirs.  To construct the 
reservoirs, pairs of 250 mL media bottles (Kimax® Kimball 250 mL Media Bottle, No. 14395) 
had hose fittings extruded from the bottle (Cornell University, Glass Shop) at the 50 mL mark on 
the bottle.  Reservoirs were autoclaved at 125 ºC for 45 min before use (Tuttnauer 2540M ).  The 
STRS was assembled by attaching 2 cm of a 4 cm length of tubing (Nalgene, 8/12) onto the hose 
fittings on the reservoir to serve as a connecting tube between reservoirs to tubes to house gels 
(Fig. 5.1). 
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  Tubes connecting the reservoirs were constructed from polystyrene (PS-STRS) or 
silicone tubing (S-STRS) (Fig. 5.2).  Polystyrene tubes were made by cutting 10 mL plastic 
pipettes (VWR) to 6 cm lengths (Fig. 5.2A).  Silicone tubes (3/5 outer diameter, Biopharm®) 
were cut into 8 cm lengths.   Glass inset tubes of 2 cm were cut from 10 mL glass pipettes 
(VWR) with a WELL 4020 Diamond Wire Saw.  Silicone tubes and glass insets were plasma 
cleaned (Plasma Cleaner PDC-32G, Harrick Plasma) for 2 min before assembling glass insets 1 
cm into the silicone tube (Fig. 5.2B).  The plasma cleaning step helped to bond the silicone to the 
glass by exposing silanol groups. 
Figure 5.1: Schematic for reservoirs of the STRS constructed from 250 mL media bottles by 
extruding hose fittings at the 50 mL mark on the bottle (A).  Photo of reservoir is shown with 
connecting tube attached (B).  
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To improve agarose gel adhesion to the tubes, the interior of the S tubes were coated with  
0.5% w/v% polyethylene-imine (PEI) in deionized water (DI-H2O).  A short section of the tube 
interior was kept PEI free for culturing cells.  Tubes were sealed with parafilm (Parafilm® M, 
Pechiney Plastic Packaging) on one end, set up-right, and filled to the beginning of the cell 
section of the tube and set for 24 hrs.  After 24 hrs, PEI was removed from the tubes and dried 
for 30 min (Precision® Gravity Correction Oven) while maintaining the upright position to avoid 
PEI coming in contact with the cell-holding section of the tube.  Tubes were flipped and plugged 
on the other end and coated with PEI up to the cell containing section of the tube for 24 hrs, then 
dried as described before.  This procedure resulted in PEI-free windows where the cell-seeded 
Figure 5.2: Schematics of PS-STRS tubes (A) and S-STRS tubes (B) are shown on the left 
and photos on the right.  Polystyrene tubes were constructed by cutting 10 mL plastic pipettes 
into 6 cm lengths (A).  Silicone tubes were assembled by connecting glass insets into 1 cm of 
the 8 cm length silicone tube to leave 6 cm of the tube length to house gel for STRS.   
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gel layer would be placed.  Fully PEI coated and uncoated S tubes were also prepared for 
comparison.  Tubes were sterilized by brief immersion in 70% ethanol and dried in sterile 
conditions before use. 
 
5.3.2 Preparation of Media for STRS 
 Dulbecco’s Modified Eagle Media (DMEM, Gibco®) supplemented with 10% FBS (fetal 
bovine serum, PAA Laboratories), and 1% AM/AB (antibiotics/antimycotics, Cellgro) 
henceforth referred to as culture DMEM (cDMEM), was used for initial evaluation of the STRS.  
For mineralization experiments, custom powdered media (Formula No. 08-5083EB, Gibco™ 
Invitrogen Corporation) was ordered in 1L forming packets from Gibco modified from powder 
DMEM formulation 12100 where calcium, phosphate, and buffering compounds removed (Table 
5.1). 
 
 
 
 
 12100 DMEM 08-5083EB Media 
D-glucose O O 
L-glutamine O O 
Calcium chloride anhydrous O X 
Phenol red O X 
Sodium bicarbonate O X 
Sodium phosphate monobasic O X 
Sodium pyruvate O X 
O- included 
X- removed 
Table 5.1: Custom powdered media Formula No. 08-5083EB for mineralization 
experiments modified form formulation 12100 DMEM (Gibco™). 
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Two buffer systems were examined: 44 mM sodium bicarbonate (NaHCO3) and 20 mM 
N-2-hydroxyethyl piperazine-N′-2-ethanesulfonic acid (HEPES) buffer.  Sodium bicarbonate 
buffered media was made by adding 3.7 g of NaHCO3 to each 1 L packet of powdered custom 
media, 10% FBS, and 1% AM/AB (NaHCO3-custom media).  The total volume of the media was 
brought to 1 L or 500 mL for twice concentrated (2X) media with DI-H2O.  The HEPES buffered 
media was prepared by adding HEPES buffer (Sigma) in place of the NaHCO3 for final 
concentration of 20 mM or 40 mM for 2X concentrated media (HEPES-custom media).  All 
media was pH balanced to 7.4 with 0.1 M NaOH or 0.1 M HCl.  Ca and P-containing media 
were also made for mineralization experiments.  NaHCO3-custom media with 20 mM CaCl2 or 
20 mM Na2HPO4 were also made along with 50 mM CaCl2 or 50 mM Na2HPO4 in HEPES-
custom media.  The concentration of Ca and P in the NaHCO3-buffered media was limited to 20 
mM as visible precipitation of calcium carbonate (CaCO3) was observed at higher concentrations 
in the media and gel.  Tris(hydroxymethyl)aminomethane (Tris) buffer containing 100 mM 
CaCl2 or 100 mM Na2HPO4 were also made for establishing baseline mineralization.  Media 
concentrated 2X was used in preparing gels for the STRS.   
 
5.3.3 Bovine Articular Chondrocyte Harvesting from Bovine Joints 
Full thickness cartilage from the condyles and the patellofemoral grove was cut from 1-3 
day old bovine knee joints (Gold Medal Packing; Oriskany, NY).  Cartilage tissue was rinsed 
thoroughly with PBS after harvesting and incubated at 37 ºC under constant rotation in cDMEM 
for 2 days.  Cartilage tissue was diced into 2-4 mm cubes, washed with phosphate buffered saline 
(PBS) twice, and then placed into DMEM containing 0.3 wt% Type II collagenase (Worthington 
Biochemical Corporation) to digest for 18 hrs under constant rotation.  Chondrocytes were 
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isolated through cell strainers (Falcon BD Cell strainers, 100 μm nylon) and washed with 
DMEM twice via centrifuge (Jounan 3Qi) for 5 mins at 1300 rpm.  Cell viability and quantity 
were determined through counting live and dead cells on a hemocytometer after staining with 10 
% Trypan Blue in PBS (Trypan Blue Solution 0.4% (w/v) in PBS, Mediatech, Inc., Cellgro).  
Only cell batches with viability above 93% were used for this study.  Cells were mixed into 2X 
concentrated media, selected by experiment, at a density of 50e6 cells/mL and set in incubator 
until ready for loading into gel.   
 
5.3.4 Agarose and Chondrocyte Loading into Tubes  
Agarose gel (Cell culture grade, BP-165-25, Fischer Scientific) and agarose gel loaded 
with chondrocytes were loaded into the tubes in a layer-by-layer process (Fig. 5.3).  Agarose was 
prepared at 4 wt% in DI-H2O, autoclaved for 45 min at 125 ºC, then pH adjusted to 7.4 with 0.1 
M NaOH before autoclaving again to maintain sterility.  Prepared agarose was placed into a 70 
ºC waterbath overnight to melt the gel.  Agarose was removed from the waterbath and allowed 
cool for 2 min before loading into tubes.  Polystyrene tubes were sealed at one end with parafilm 
before gel loading.  The glass insets of the silicone tubes were plugged at one end with 3 cm 
custom-made plugs constructed from cutting 3 mL pipette tips sealed with parafilm .  The 4 wt% 
agarose was mixed with 2X concentrated media to obtain 2 v/v% agarose in media.  The 2 v/v% 
agarose was loaded as the first layer (layer I) via an 18-gauge syringe (PrecisionGlide®) into the 
tube and allowed to set for 15 min.  Chondrocytes were gently mixed into 2 v/v% agarose in 
media at a concentration of 25e6 cells/mL and loaded into the tube in 0.4-2 cm lengths on top of 
Layer I to form Layer II and allowed to set for 15 min.  The final layer (Layer III) of 2 v/v% 
agarose in media was loaded on top of Layer II and allowed to set for 15 min.   
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After 5 min, Layer III was topped off with more 2 v/v% agarose in media to minimize the 
presence of a meniscus.  Gels were allowed to set for 1 hr before removal of the tube plug by 
breaking the parafilm seal with an 18-gauge needle and pulling the plug out of the glass insets.  
Agarose-filled PS tubes were then inserted into the STRS.  Agarose-filled silicone tubes were 
inverted and a thin layer of gel was added to the plugged end of the gel and allowed to set for 30 
min.  Non-cell seeded agarose was also loaded into tubes for controls.  Total length of gels for 
PS and S tubes was 6 ± 0.1 cm.  Three STRSs were set up for each time point and condition.   
 
 
Figure 5.3: Schematic for the layer-by-layer process to load cell-seeded gels into the silicone 
tubes.  Glass insets of tube are filled with a tube plug and held in place with parafilm.  Layer I 
contains 2 v/v% agarose in media.  After 15 min, Layer II containing 2 v/v%  agarose in media 
with 25e6 cells/mL is loaded.  After another 15 min, the last layer, Layer III of 2 v/v% agarose is 
loaded on top of Layer II and allowed to set for 15 min. 
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5.3.5 STRS Cell Culture Control 
For STRS controls, cell-seeded agarose gel plugs were made by loading non-PEI coated 
tubes with the cell-agarose-media mixture used for Layer II.  The gel was allowed to set for 1 hr.  
After setting, cell-seeded gel was removed from the tube and sectioned into 0.4-2 ± 0.1 cm 
lengths.  STRS controls were cultured along with cells in the STRS in triplicate. 
 
5.3.6 Assembling the STRS  
Gel-filled PS or S tubes were inserted into 1 cm of the Nalgene tubing attached to the 
hose fittings of two reservoirs to form PS- or S-STRS.  Reservoirs were then filled with 200 mL 
of media.  Air bubbles were removed from the system by gentle tilting of the reservoirs at the 
tubing connecting the gel-filled tubes to the reservoirs so that the media was in contact with the 
gel (Fig. 5.4).   
 
 
 
 
Figure 5.4: Assembly of STRS with polystyrene tube (A) and silicone tube (B).  Tubes are 
inserted into hose fittings to connect two reservoirs.  Reservoirs filled with 200 mL of media 
after assembly. 
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Systems were then placed into the incubator at 37 °C with 5% CO2 atmosphere.  For 
mineralization experiments, each STRS had Ca-containing media in one reservoir and P-
containing media in the opposite reservoir. 
 
5.3.7 Assessment of the STRS for Gel Adhesion to Tubes 
The system was examined for leaks and ion diffusion through the agarose gel.  Leaks 
were determined through a colormetric assay by connecting gel-filled tubes to two reservoirs, 
one filled with Allura Red AC dye, the other with Brilliant Blue FCF (McCormick) in DI-H2O.  
The progression of the dye was tracked by time-lapse images (Sony 9DWX).   
 
5.3.8 Determining the Effects of Replenishing Media in the STRS 
 To assess the need for replacing media for the STRS over extended culture periods, PS 
and silicone tube STRSs were cultured through ≥8 days.  Reservoirs were filled with 200 mL 
NaHCO3-custom media and was either replenished every 2 days or not replenished.  Cell 
viability was determined through Alive/Dead staining.  
 
5.3.9 Evaluating STRS Geometry on Chondrocyte Viability 
The effect of culturing chondrocytes in a tube in or out of the STRS was examined by 
comparing the viability of chondrocytes seeded by 1) the layer-by layer process into PS tubes, 2) 
chondrocytes seeded by the layer-by-layer process into PS tubes, then removed from the tube, 3) 
a plug of agarose equivalent in size and shape to the cell-seeded sections of the layer-by-layer 
process, and 4) of chondrocytes loaded into PS tubes in the STRS (Fig. 5.5).   
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Cells cultured in geometries 1, 2, and 3 were placed into 10 cm diameter sterile petri dishes 
(VWR) and covered in NaHCO3-custom media.  Media was replaced every 2 days.  The 
reservoirs of the STRS were filled with 200 mL of NaHCO3-custom media.  Media in the STRS 
was not replenished.  Cell viability was assessed at 1, 2, 4, and 6 days.  Chondrocyte viability 
was compared to viability of cultures in silicone tube STRSs filled with NaHCO3-custom media 
on days 1, 2, 4, 6, and 12 of culture.  
 
5.3.10 Harvesting Cells for Assessment of Chondrocyte Response in STRS 
 Gels were removed at specific time points in triplicates from the STRS.  For each STRS, 
the gel was sectioned to isolate the cell-seeded section of the gel.  Then two 1 mm slices were 
removed from the cell-seeded section along the long axis of the gel through the center to obtain a 
cross section of the cell-seeded section.   One of the 1 mm slices was used to assess chondrocyte 
viability and the other for matrix production.  Slice I was taken for viability and divided into nine 
regions for examination (Fig. 5.6).  Due to the symmetry of the STRS, regions 1, 4, and 7 were 
Figure 5.5:  Chondrocyte viability was examined under different culture geometries: 1) the 
layer-by layer process in PS tubes, 2) the layer-by-layer process outside of a tube, 3) a plug of 
agarose equivalent in size and shape to the cell-seeded sections of the layer-by-layer process, 
and 4) loaded into PS tubes in the STRS 
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seen as equivalents to region 3, 6, and 9 respectively and were only examined on one side after a 
preliminary examination showed little difference between the two areas.  Slice II was examined 
at the edge, where non-cell-seeded gel and cell-seeded gel met and the center of the gel slice for 
differences in matrix production. 
 
 
 
 
 
 
 
Cell-seeded gel controls cultured in petri dishes were prepared as described in Section 5.3.5.  
Regions 5 and regions 1 or 3 were examined after initial studies showed differences only 
between the center of the cell-seeded gel and the edge, due to the gel exposure geometry to 
media.  For quantification, each region had 3 images taken within the area of interest per sample.  
Each condition had an n = 3. 
 
5.3.11 Determining Chondrocyte Viability and Cell Division 
 Viability of the chondrocytes was assessed from one of the 1 mm gel slices (Slice I) using 
Invitrogen’s Live/Dead® cytotoxicity kit for mammalian cells.  Stock solution of the dye was 
Figure 5.6: Schematic for sectioning the cell-seeded portion of the gel for viability and matrix 
assessment.  Cell-seeded sections of the gel were harvested from the STRS system and sliced 
axially through the cylinder to remove two slices from the center.  Viability was examined in 
9 regions as shown in Slice I.  Matrix production was evaluated for regions at the edge and 
center of the cell-seeded plug (Slice II).  
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made by adding 20 μL of 2 mM ethidium homodimer-1 and 2 μL of 4 mM calcien AM into 8 
mL of phosphate buffered saline (PBS, Gibco).  Gel slices were submersed for 1 hr at room 
temperature and then examined by a Nikon Eclipse TE2000-S with a Spot RT digital camera for 
capturing images and an epifluorescence attachment.  To avoid photobleaching, samples were 
wrapped in aluminum foil and images taken in a dark room.  Cell counting was done via image 
analysis software ImageJ.  Viability was calculated from averaging the number of live cells over 
total cells in the field of view and displayed as a mean with +/- highest and lowest viability.  Cell 
division was determined by the presence or absence of paired cells via brightfield microscope 
(Nikon Eclipse TE2000-S). 
 
5.3.12 Assessing Matrix Production 
  Matrix production was assessed from a 1 mm slice (Slice II) harvested from the gel.  The 
gel was immersed in 10% buffered formalin for at least 1 day before dehydration, embedded in 
paraffin and then sectioned into 10 μm thick layers via microtome and laid on glass slides.  
Sections were stained with safranin-O for glycosaminosglycans (GAGs) to assess matrix 
production and counter-stained with hematoxylin and eosin to visualize the cellular membrane 
and nucleus.  Samples were examined via brightfield on an optical microscope (Nikon Eclipse 
TE2000-S) with image analysis done through ImageJ.  Images were split by RGB color channels 
to determine fractional area stained positive for matrix production (blue channel).  Amount of 
matrix production was determined by fractional area of the sample that had stained positive with 
safrinin-O over the field of view.  
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5.3.13 Addition of Ascorbic Acid in Media 
  A 50 μg/mL solution of L-ascorbic acid (Sigma) was sterile filtered and stored at 4 ºC.  
PS and silicone STRSs with NaHCO3-custom media were supplemented with 200 μL every 3 
days.  Cells cultured in STRSs and PS tubes in petri dish were used as controls and not 
supplemented with ascorbic acid.  Evidence of cell division was tracked through 9 days.  
 
5.3.14 Assessment of Cell-seeded Layer Location 
  To examine if location within the gel affected chondrocyte viability, 0.4 cm cell-seeded 
gel sections were loaded after 2.8 cm layers of agarose gel or after 4 cm layers of agarose gel and 
filled with a third layer of agarose to obtain 6 cm length gels (Fig. 5.7).   Reservoirs were filled 
with NaHCO3-custom media.   
 
 
 
 
 
 
Figure 5.7: Schematic of gel loading demonstrating how the cell-seeded agarose section can 
be loaded at different locations along the tube by changing the initial amount of agarose 
loaded into the tubes before addition of the cell-seeded layer.  
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5.3.15 Assessment of Calcium and Phosphate Tolerance of Articular chondrocytes 
  Cell-seeded gel plug controls (Section 5.3.5) 4 mm in length were cultured in 6-well petri 
dishes (VWR) containing 5 mL of NaHCO3-custom media .  Media was supplemented with 0.25, 
1.4, 8, 20 mM CaCl2.  Visible precipitation was observed for media containing 20 mM CaCl2, 
therefore corresponding P concentrations were examined at concentrations below 20 mM in 
order to match reservoir concentrations for later studies.   NaHCO3-custom media was 
supplemented with 1.5, 3, 6, or 9 mM Na2HPO4 to examine P tolerance of cells.  Media was 
replaced every 3 days. Cell viability was examined through 10 days. 
 
5.3.16 Assessment of Calcium and Phosphate Diffusion through STRS 
  Reservoirs were filled with NaHCO3-custom media with addition of 8 mM Ca, 20 or 50 
mM of P on one side, and NaHCO3-custom media  without additional Ca or P in the opposing 
reservoir.  Visible precipitation was observed for media containing 20 mM CaCl2, limiting 
reservoir concentrations of calcium to 8 mM.   NaCl was added to the reservoir without 
additional Ca or P to provide an equivalent osmolarity in the opposing reservoir.  Ca and P 
diffusion through the gel was evaluated by examining Ca and P content of a 7 mm slice at the 
center of the 6 cm gel at various time points.  Slices were placed into 10 mL of 5% nitric acid, 
heated for 1-2 days at 70°C (Precision® Gravity Correction Oven).  The Ca and P content were 
determined from these hydrolyzed samples via inductively coupled plasma atomic emission 
spectrometry (ICP-AES).    
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5.3.17 Assessment of Mineralization in STRS 
  For mineralization experiments, 200 mL Tris buffer containing 100 mM CaCl2 or 100 
mM Na2HPO4 was placed in opposing reservoirs and band formation evaluated.  Mineral 
formation was also examined in HEPES-custom  media where 200 mL of media supplemented 
with 50 mM CaCl2 or 50 mM Na2HPO4 was placed into opposing reservoirs.  Gels were 
removed from silicone tubes on day 5 (Tris) and day 6 (HEPES) from the STRSs to examine the 
mineral.  Full-length scans of the gel sliced along the axial direction were taken by a scanner 
(CanonScan 4200F) and mineral distribution analyzed with ImageJ.  Mineral-containing regions 
of the gel were sectioned out and submerged in 0.15 M NH4OH for 30 min with three changes of 
0.15 M NH4OH every 10 minutes.  Samples were then freeze-dried (FreeZone4.5) for two days 
and then examined by powder x-ray diffraction (Scintag Inc. PAD-X theta-theta X-ray 
Diffractometer, CuKa 1.54 Å, accelerating voltage 45 kV, current 40 mA, continuous scan, 2.0 
deg/min). 
 
5.3.18 Assessment of Mineralization in the Presence of Chondrocytes in the STRS. 
After determination of the location of mineral formation in the S-STRS with HEPES-
custom media, the cell-seeded agarose layer (Layer II) was seeded in the mineral location, at 1 
cm away from the calcium reservoir at a length of 2 cm.  Gels were removed from the silicone 
tubes 6 days after culture.  Gels were treated for mineral analysis as in Section 5.3.14.  Two 1 
mm slices were removed from the cell-seeded gel portion and processed for viability analysis 
(Section 5.3.8) and matrix production (Section 5.3.9).  
 
 
129 
 
5.4 Results 
5.4.1 Agarose Gel Adhesion in Polystyrene and Silicone Tubes 
Polystyrene and silicone tubes coated and uncoated with PEI were examined for gel 
adhesion to the tubes to optimize diffusion conditions of ions from the reservoir through the gel 
rather than around the gel.  The colormetric assay confirmed that the silicone tubes with PEI 
coating allowed for diffusion of the Allura Red and Brilliant Blue dyes through the gel rather 
than around the gel for the sodium bicarbonate system (Fig. 5.8).  No streaks of dye were 
observed along the edge of the gel indicating that the gel was able to adhere to the tube walls to 
prevent reservoir solutions from moving between the gel and tube walls. 
 
 
 
   
   
 
  
For gels made with NaHCO3–custom media, the PEI improved adhesion of the gel in the 
PS and silicone tubes.  With the presence of mineral, gels had to be cut from the tubes.  
However, gels made with HEPES-custom media were similarly non-adherent to the silicone 
tubes with or without PEI. 
Figure 5.8: Colormetric assay of agarose gels loaded into 0.5% PEI-coated silicone tubes to 
track diffusion of Allura Red (right) and Brilliant blue (left).  Lines on the tube show 
progression of dyes through the gel.  The absence of dyes running along the side of the gel 
indicated dyes traveled through the gel and that agarose gels adhered well to the tubes. 
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5.4.2 Culture and Ion Restrictions of Buffered Media 
NaHCO3, HEPES, and Tris buffers were used in this work.  Previous systems for HA 
formation in gels utilized Tris buffered systems for maintaining pH at 7.4 [13, 19].  Tris buffer is 
fat soluble and can permeate cellular membranes, leading to changes in internal chemistry and 
cytotoxic response in cells [29, 30].  Therefore NaHCO3 and HEPES buffers, which are often 
used in cell culture, were used to maintain the pH in the STRS.  In addition to the necessity of 
buffers to maintain a pH of 7.4, the cells need a source of nutrients that would not impact the 
calcium and phosphate content in the reservoirs for media studies.  Towards this end, custom 
media without Ca and P was ordered through Gibco.  A 2.1 mM +/- 0.3 mM baseline of calcium 
was present from the FBS (as determined by ICP-AES).  The amount of Ca2+ that could be 
introduced to the NaHCO3-buffered media was limited to 20 mM before visible precipitation of 
calcium carbonate CaCO3 (confirmed through pXRD) was observed. 
 
5.4.3 Culturing Chondrocytes in STRS with Sodium Bicarbonate Buffered Media 
5.4.3.1 Experimental Design to Evaluate Chondrocyte Viability in the STRS 
  To utilize the STRS effectively, we sought to maintain cell viability above 80% over the 
course of the experiments.  Towards this end, chondrocyte viability was compared in several set 
ups similar to the STRS and in the STRS.  The importance of gas permeability of the STRS was 
investigated by examining the differences in viability when seeding chondrocytes in agarose gels 
inside gas-impermeable polystyrene tubes compared to gas-permeable silicone tubes.  To further 
optimize the system, cell health and viability was determined in STRSs where media in the 
reservoir was replaced every 3 days or not replaced through the course of the experiment in the 
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presence and absence of ascorbic acid.  These experiments were done in NaHCO3-custom media 
as NaHCO3 is most commonly used for cell culture. 
 
5.4.3.2 Chondrocyte Response to PEI Coating on Silicone Tubes 
  The viability of chondrocyte cultures in the S-STRS with silicone tubes coated with PEI, 
coated with PEI with a PEI-free window for cell-seeded layer, and uncoated with PEI were 
examined in NaHCO3 and HEPES—buffered custom media.  Cultures were examined after 3 
days.  Optical microscope images showed a region of cell death from 100-250 μm into the gel for 
tubes coated in PEI (Fig. 5.9), while cells grown with the PEI-free window or without PEI had 
primarily live cells throughout the gel.  As a result, S-tubes were coated with PEI with a PEI-free 
window when NaHCO3-buffered media was used and not coated with PEI when HEPES-
buffered media was used in the S-STRS systems. 
 
 
 
 
 
 
 
5.4.3.3 STRS Geometry Effects on Chondrocyte Viability 
  To examine how the STRS geometry could affect articular chondrocytes, cell viability 
was determined for chondrocytes seeded in agarose gel in 1) the layer-by layer process in PS 
Figure 5.9:  Optical light microscopy images of a chondrocyte-seeded section of agarose gel 
in contact with PEI coating of S-STRS in NaHCO3-custom media (bottom left of images is 
closest to tube edge).  Regions of cell death (red, ethidium homodimer stain) penetrating 
micrometers into the gel were observed for chondrocytes in contact with PEI.  Beyond the 
region of cell-death, chondrocytes were mostly alive (green, calcien stain). 
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tubes, 2) the layer-by-layer process outside of a tube, 3) a plug of agarose equivalent in size and 
shape to the cell-seeded sections of the layer-by-layer process, and 4) the layer-by-layer process 
in PS tubes assembled into the STRS (Fig 5.10A).    Culture geometries 1, 2, and 3 were cultured 
in petri dishes and immersed in NaHCO3-custom media, with media replaced every 2 days. 
 
 
 
 
 
 
 
   
  Live/dead fluorescence images of cultures harvested on day 6 showed the presence of 
more dead cells(red, Fig. 5.10, Inset 1) for culture geometry 1 and mostly live cells for culture 
geometries 2, 3, and 4 (green, Fig. 5.10B Inset 2, 3, 4).  The average viability for geometries 2-4 
was maintained above 80% through 6 days of culture.  Chondrocytes cultured in geometry 1 had 
the lowest average viability at 77%.  The average viability was highest for culture geometries 2 
and 3 at 90% where cell access to media was not restricted by the presence of the PS tube.  The 
Figure 5.10: Schematic of the culture geometries examined for determining STRS ability to 
sustain chondrocyte viability in NaHCO3-custom media.  Chondrocytes were seeded into 
agarose gels in a 1) layer-by layer process in PS tubes, 2) layer-by-layer process outside of a 
tube, 3) plug of agarose equivalent in size and shape to the cell-seeded sections of the layer-
by-layer process, and 4) layer-by-layer process in PS tubes assembled into the STRS (A). Plot 
of chondrocyte viability through 6 days of culture in geometries 1, 2, 3, and 4 (B).  Inset in B 
shows fluorescent images of representative cells stained with calcein (live cells, green, top) 
and ethidium homodimer (dead cells, red, bottom) cells on day 6 of culture.   
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average viability of cells within the STRS did not fall below 85% and was comparable to 
geometry cultures 2 and 3 (Fig. 5.10B).  The reservoirs of the STRS improved nutrient delivery 
from media to the cells within tubes and improved cell viability ) 5% compared to cells cultured 
in PS-tubes in petri dishes.  
  Silicone tubes were also examined in the STRS due to their gas permeability.  The PS 
tubes are gas impermeable and for carbonate systems which require the exchange of CO2, PS 
tubes are not ideal for maintaining pH in such systems.  Additionally, most cell types require O2 
to live.  Chondrocytes cultured in silicone tubes in the STRS maintained viabilities averaging 
>93% through 9 and 12 day cultures (Fig. 11A).  Fluorescent images of Live/Dead® stained 
samples showed the presence of very few dead (red) cells (Fig. 5.11B). 
 
 
 
 
In addition to the gas-permeable silicone tubes improving the average viability of chondrocytes 
in the STRS compared to PS tubes, it was observed that the variability in viability was also 
significantly decreased.    
Figure 5.11: Plot of chondrocyte viability of cultures seeded in silicone tube STRSs through 9 
and 12 days of culture in NaHCO3-custom media (A).  Representative live (green, top) and 
dead (red, bottom) images of cells on day 9 (B). 
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5.4.3.4 Determining the Effects of Replenishing Media in the STRS 
  Media and its additives such as antibiotics, ascorbic acid, and fetal bovine serum have a 
limited lifetime.  In typical chondrocyte cultures, media is replaced every 2-3 days through the 
duration of the culture to replenish nutrients and to remove by-products of waste.  In the STRS, it 
is difficult to replace media and requires a large volume of media.  Viability was determined for 
chondrocytes cultured in PS and S-STRSs through 8 and 9 days respectively with NaHCO3-
custom media maintained or replaced every 3 days (Fig. 5.12). 
 
 
 
 
  
Figure 5.12: Viability of articular chondrocytes in the PS-STRS (A) and S-STRS (B) where 
NaHCO3-custom media was not replaced through the duration of culture (solid diamonds) or 
replaced every 3 days (solid squares). 
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  The viability of cells cultured in the STRS in PS tubes was similar through 8 days of 
culture (Fig. 5.12A).  The lowest average viability of PS-STRSs without media replacement was 
80%.  The lowest average viability PS-STRSs with media replacement was 79%.  For the S-
STRSs, the lowest average viability for systems without media replacement was 91% and the 
lowest for systems with media replaced was 90% (Fig. 5.12B).  In addition to having higher 
average viabilities, cells cultured in S-STRSs had a more narrow range of cell viability 
throughout the gel than cells cultured in PS-STRSs regardless of whether media was replaced or 
not.  Replenishing nutrients for chondrocytes seeded into the silicone tubes had little effect to 
improve average viability through day 5.  Systems cultured through day 9 have decreased 
viability in some regions of the gel, but average viability remained above 80%. 
   
5.4.3.5 Addition of Ascorbic Acid in Culture 
  Ascorbic acid is a common supplement in media to support matrix production of 
chondrocytes in vitro.  Ascorbic acid was added to the media of chondrocyte cultures in PS tubes 
in Petri dishes, PS-STRS, and S-STRS and fresh ascorbic acid added every 3 days of culture.  
Cell viability of cultures with ascorbic acid was compared to cultures without exposure to 
ascorbic acid.  Cell division was determined to have occurred if paired cells were observed (Fig. 
5.13).  It was observed in optical microscope images that cultures in PS tubes in petri dishes 
showed no visible cell division through the culture period.  Chondrocytes in PS-STRS had cell 
division occur at 5 days with the addition of ascorbic acid without media replacement.  Without 
ascorbic acid, cells in the PS-STRS took 9 days for cell division if media was replaced every 3 
days and had no cell division if no ascorbic acid was added and media was not replaced.  For 
cultures in the S-STRS system, cell division was observed at 3 days with ascorbic acid and 
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media replacement and 5 days with ascorbic acid and media not replaced.  The results are 
summarized in Table 5.2. 
 
 
 
 
 
 
 
 
 
Table 5.2: Start of cell division in chondrocyte cultures with and without ascorbic acid. 
 
System Tube Type Media Replaced Ascorbic Acid Visible Cell Division [Day]
Petri dish PS Yes No None 
Petri dish PS No No None 
STR PS Yes No 9 
STR PS No Yes 5 
STR PS No No None 
STR Silicone Yes Yes 3 
STR Silicone No Yes 5 
Figure 5.13:  Representative brightfield image, taken on day 5 of culture, of articular 
chondrocytes cultured in S-STRS with NaHCO3-custom media supplemented with ascorbic 
acid.  Cell division was determined to have occurred if the presence of paired cells (circled by 
dotted line) were observed to be present. 
137 
 
Subsequent experiments were done in the S-STRS with addition of ascorbic acid every 3 days 
and the media kept constant as chondrocytes were able to show visible proliferation by 5 days of 
culture. 
It was observed through the course of these experiments that the cell-seeded section of PS 
tubes became increasingly acidic through culture time in NaHCO3-custom media gels, seen by 
the phenol red indicator becoming a bright yellow, and confirmed by pH measurements showing 
the region around the cell-seeded section to be pH 4.5 after 5 days of culture.  The gas 
impermeability of the PS tubes limited the exchange of CO2 to maintain the pH of 7.4 for 
cultures utilizing carbonate buffers.  Although HEPES buffered systems do not require the 
presence of CO2 to maintain pH, subsequent studies utilized the silicone tubing, which was gas 
permeable to CO2 and O2 and therefore would be more suitable for introducing other cell types 
that require O2. 
 
5.4.3.6 Assessment of Cell-seeded Layer Location 
  The location of 4 mm cell-seeded agarose bands in the STRS were set at the center of the 
gel length, 2.8 cm from the reservoir and at 4 and 1.6 cm from the reservoirs to determine if 
changing the cell location would affect viability if reservoir contents were kept as the same 
NaHCO3-custom media.  There was no observable difference in viability of the cell plug 
between the two locations. 
 
5.4.3.7 Assessing Matrix Production in STRS 
  In addition to maintaining the viability of cells above 80% through the duration of 
culture, it was also important to evaluate cellular activity such as matrix production in the STRS.  
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A 1 mm thick section of cell-seeded gel was harvested along the axial direction of the gel length 
and stained with safrinin-O for GAGs to indicate chondrocyte matrix production at 5 days and 9 
days of culture with and without NaHCO3-custom media supplemented with ascorbic acid 
replacement (Fig 5.14).   
 
 
   
  Matrix production appeared to be higher on average at the edges of the cell plug 
compared to the center of the gel (Fig. 5.15; see Fig. 5.6 for definitions of edge and center).  At 
day 5 of culture, the areas stained for GAGs were similar at the edge and center for S-STRS 
cultures with media replaced on the 3rd day, while cultures with the media kept constant had 
slightly less matrix production at the center compared to the edge of the cell-seeded section of 
Figure 5.14: Optical microscope images, taken on days 1, 5, and 9 of culture, of S-STRS 
chondrocytes cultured with NaHCO3-custom media supplemented with ascorbic acid. The 
images are taken at the edge and center of cell-seeded gels.  Positive staining for GAGs by 
safranin-O is observed by days 5 and 9.  Larger regions of the gel at the edge of cell-seeded 
sections stained positive for GAGS than gels at the center of the cell-seeded sections.  Gel 
sections were counterstained with hematoxylin and eosin to visualize chondrocyte cellular 
membrane and nucleus. 
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the gel.  At day 9, the difference in matrix production becomes more obvious for systems in 
which the media was kept constant. In these samples, matrix production at the center did not 
increase as compared to the amount produced by day 5.  Systems where the media was replaced 
continued to produce more matrix, with more matrix at the edges than the center through day 9.   
 
 
 
 
 
  For day 9 samples, cell-seeded sections were further examined in six areas, as shown in 
Figure 5.16A.  For cultures where the media was kept constant, matrix production was similar in 
all regions at the outer edges of the cell-seeded section (edge 1, edge 2, edge 3, center 1, and 
center 3) with the lowest amount of matrix at the center.  Where media is replaced, matrix 
production covered more than 30% of the field of view for all regions at day 9 (Fig. 5.15 and Fig. 
5.16B). 
Figure 5.15:  Fractional area stained positive for GAGs to indicate matrix production by 
safrinin-O at the edge and center of chondrocyte-seeded gel sections in the S-STRS at days 5 
and 9 with and without NaHCO3-custom media replaced. 
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5.4.3.8 Calcium and Phosphate Tolerance of Articular Chondrocytes 
Calcium and phosphate tolerances of articular chondrocytes were evaluated by examining 
the viability of cells cultured in media containing different concentrations of calcium and 
phosphate.  Chondrocyte viability in media containing different concentrations of calcium 
maintained average viabilities >86% through 4 days of culture, with the lowest viability for 
media supplemented with 0.25 mM CaCl2 and the highest viability of 98% for cultures in 
NaHCO3-custom media containing 8 mM CaCl2 (Fig 5.17).  Through 10 days of culture 
however, average viability of chondrocytes cultured in media containing 1.4 mM or more 
calcium had average viabilities less than <33%.  Cells cultured in 0.25 mM maintained a good 
viability at 98%. 
Articular chondrocyte viabilities in phosphate-containing media were examined through 
9 days.  Average viability of chondrocytes cultured in 1.5, 3, 6, and 9 mM Na2HPO4 remained > 
75% through 9 days of culture (Fig. 5.18).  Average viability on day 5 was roughly 95% for all 
Figure 5.16: Schematic showing the 6 regions that gel sections were examined over (A). The 
area fraction stained positive for GAGs plotted to indicate matrix production in the 6 regions 
described in the schematic (B). 
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phosphate concentrations and, by day 9, dropped to roughly 80% for all conditions except for 
cells cultured in 6 mM Na2HPO4, for which viability dropped to 89%.  
  
 
 
 
 
Figure 5.18: Viability of articular chondrocytes cultured in cell-seeded agarose plugs through 
10 days of culture in NaHCO3-custom media supplemented with 1.5, 3, 6, and 9 mM 
Na2HPO4. 
Figure 5.17: Viability of articular chondrocytes cultured in cell-seeded agarose plugs through 
10 days of culture in NaHCO3-custom media supplemented with  0.25, 1.4, 8, and 20 mM 
CaCl2. 
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5.4.3.9 Diffusion of Calcium and Phosphate through STRS 
To evaluate the diffusion of calcium and phosphate in the STRS, the concentrations of 
calcium and phosphate were determined, via ICP, in a 0.7 cm length of gel taken from the center 
of the 6 cm gel.  A baseline calcium concentration value of 2.1 ± 0.1 mM was observed for 
control gels without calcium supplement.  The presence of calcium was contributed by FBS in 
the culture media (Fig 5.19).  For STRS with 8 mM calcium in one reservoir, the concentration 
of calcium decreased below baseline, before increasing to an average concentration of 3.7 mM 
on day 9, and then decreasing again.  The fluctuation in calcium concentration suggests initial 
depletion of calcium in the gel through 3 days before an increase in calcium diffusion through 
the gel.  Precipitation of calcium carbonate may have occurred from calcium interaction with the 
sodium bicarbonate buffer at 8 mM concentrations of calcium, similar to what was observed in 
media supplemented with 20 mM of calcium. 
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Figure 5.19: Concentration of calcium in a 0.7 cm length of gel taken from the center of the 6 
cm gel in the STRS through 12 days with supplement of 0 and 8 mM CaCl2 to the NaHCO3-
custom media in one reservoir and no calcium supplement in the opposing reservoir. 
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The diffusion of phosphate through the STRS was also examined (Fig 5.20).  A baseline 
phosphate concentration of 1.2 ± 0.2 mM was observed in the gel before additional phosphate 
was added to the media in the reservoirs.  The concentration of phosphate reached a steady 
concentration after 1 day.  The apparent equilibrium concentration of phosphate in the gels 
remains below 30 mM through the course of the experiment, less than the concentration in the P-
reservoir (40 mM).  Average P-concentrations begin to decrease slightly as phosphate ions reach 
the opposing reservoir.   The P-free reservoir acts as a sink to the phosphate, ensuring that the 
phosphate concentration in the gel will never reach 40 mM and is expected to continue 
decreasing until the concentrations of P are equal in both reservoirs. 
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Figure 5.20: Concentration of phosphorus in a 0.7 cm length of gel taken from the center of 
the 6 cm gel in the STRS through 8 days with supplement of 20 and 40 mM Na2HPO4 in the 
NaHCO3-custom media one reservoir and no phosphate supplement in the opposing reservoir. 
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5.4.3.10 Summary of Cell Viability and Function in the STRS with Sodium Bicarbonate Buffered 
Media 
The STRS system can support cultures of bovine articular chondrocytes through 5 days 
with an average viability above 91% and produce GAGs for matrix formation.  Supplementing 
cultures with ascorbic acid promotes cell proliferation in the STRS.  Past five days, the media in 
the STRS needs to be replaced in order to replenish glucose supply to the cells for improved 
matrix production and to minimize differences in matrix production of cells located at the center 
of the cell-seeded gel layer and cells located at the edge of the cell-seeded gel layer.  The 
difference in matrix production in the different regions of the cell-seeded layer indicates a limit 
to the size of cultures in this system.  With or without the replacement of media, cell viability 
remains above 91% through 9 days of culture. 
The calcium and phosphate tolerances of articular chondrocytes seeded in agarose gels 
was inconclusive as the concentration of free calcium ions in the media could not be accurately 
determined due to the precipitation of calcium carbonate in the media.  The irregularity of 
calcium content in the gels as determined by ICP corroborates the presence of Ca-buffer 
interaction.  Articular chondrocytes tolerated up to 9 mM phosphate, higher concentrations may 
also be tolerated but were not investigated due to the restriction from the calcium concentrations.  
To investigate mineral formation in the STRS, an alternative buffer was examined in the STRS.  
 
5.4.4 Optimizing STRS for Mineralization 
5.4.4.1 Mineral Formation in the STRS   
  In preparation to examine the formation of mineral in the STRS in the presence of cells, 
initial mineralization experiments in the S-STRS was done in the absence of cells in Tris and 
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HEPES buffer.  Opposing reservoirs were filled with 100 mM CaCl2 and 100 mM Na2HPO4 in 
Tris buffer and pH balanced to 7.4.  Silicone tubes fully coated with PEI and coated with PEI 
with a PEI-free window were used in the STRS.  Mineralization was allowed to occur for 5 days 
before gels were removed from the S-STRS (Fig 5.21).   
 
 
 
Mineral bands 1 cm in length were consistently formed slightly off center towards the calcium 
reservoir.  In tubes that were coated with PEI, the edges of the mineral band were slightly 
rounded away from the interface of gel and tube, suggesting that PEI inhibited mineral growth. 
Mineralization in the STRS was also examined in 20 mM HEPES-custom media containing 50 
mM CaCl2 and 50 mM Na2HPO4.  After 6 days of mineralization, gels were removed from the S-
STRS and mineral density and location was determined by relative changes in gray value 
through ImageJ.  It was noted that the elapsed time between preparation and usage of the 
HEPES-custom media containing calcium affected the band location (Fig. 5.22).   
Figure 5.21: Mineral bands formed in the S-STRS system with 100 mM CaCl2 and 100 mM 
Na2HPO4 in Tris buffer in opposing reservoirs after 5 days.  S-tubes were coated with and 
without PEI at the center of the tube (right).  Cross-section of mineral band (left). 
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  HEPES-custom media prepared 0-1 days before use had mineral band formation starting 
at the center of the gel at 3 cm then extending towards the calcium reservoir to form mineral 
bands slightly less than 2 cm in length (Fig. 5.22, D0, D1).  The center of the 1 cm mineral band 
is more densely mineralized  than the edges of the band.  Mineralization with HEPES-custom 
media prepared 2 days before use showed several variations in the location and number of 
mineral bands (Fig. 5.22, D2).  Systems that used HEPES-custom media prepared 7 days before 
use formed 3 mineral bands on the calcium end of the reservoir.  To minimize these 
inconsistencies in mineral band formation for mineralization experiments in the STRS, HEPES-
custom media supplemented with calcium was prepared the day the STRS was set up for an 
Figure 5.22:  Mineral bands formed in S-STRS system in HEPES-custom media with media 
aged 0 (D0, representative image), 1 (D1), 2 (D2), and 7 (D7, representative image) before 
addition to the reservoirs. 
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experiment.  Mineralization of gels using freshly prepared HEPES custom media supplemented 
with calcium formed mineral bands consistently between the 1 - 3 cm region from the Ca-
reservoir in the gel in the STRS without cells (Fig. 5.23). 
 
 
 
 
 
 
Mineralization in NaHCO3-buffered media was not examined as calcium concentrations at 20 
mM resulted in precipitation of CaCO3 and lower concentrations were unable to form mineral 
bands within the gel in the allotted time period. 
 
Figure 5.23:  Mineral bands formed in HEPES-custom media prepared the day of setting up 
the S-STRS (A-E) with a line scan along the length of the gel for relative mineral density.  
Schematic of the S-STRS with Ca-media on the left reservoir and P-media on the right (F).   
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5.4.4.2 Mineralization in the Presence of Articular Chondrocytes 
  Articular chondrocytes were seeded in the S-STRS at the location of mineral band 
formation observed before (Fig. 5.23) at 2 cm lengths in the tube (Fig. 5.24) in 20 mM HEPES-
custom media as controls.  20 mM HEPES-custom media was also prepared with 50 mM CaCl2 
and 50 mM Na2HPO4 and placed into opposing reservoirs for mineralization (Fig. 5.25F).  
Systems were cultured for 6 days.   
 
 
 
 
After 6 days, gels were removed from the S-STRS and mineral density and location was 
determined by relative changes in gray value through ImageJ (Fig 5.25).   
Figure 5.24:  Chondrocyte-seeded agarose gels in S-STRS in HEPES-custom media with a 
line scan along the length of the gel showing cell-seeded location (A-D).   Schematic of the S-
STRS with Ca-media on the left reservoir and P-media on the right (E).   
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  Two types of band formation were observed, designated as Type I and Type II.  Type I 
mineralization (Fig. 5.25 A-C) showed the presence of two mineral bands and was observed in 
four out of six systems.  A larger band, between 4-5 cm from the Ca-reservoir, was observed as 
well as a second, narrower band just inside the cell-seeded gel section closer to the P-reservoir 
(Fig. 5.26).  Cross-sections at the two mineral bands showed discrete nodules of mineral at the 
smaller band (Fig. 5.27A) and a diffuse band of mineral through most of the gel cross-section for 
the larger band (Fig. 5.27B).  
Figure 5.25: Scanned images of chondrocyte-seeded gels under mineralizing conditions after 
5 days with line scans across the gel to determine relative changes in density to show the cell-
seeded section of the gel and mineral location (A-E).  Schematic showing S-STRS set up with 
Ca-media on the left reservoir and P-media on the right (F).
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  Type II mineralization was observed in two out of six systems (Fig 5.25 D-E).  Two 
mineral bands were also observed from the gray value line scan.  However, the smaller mineral 
band at the end of the cell-seeded section of the gel closer to the P-reservoir was not visible by 
eye.  The larger band formed roughly 4.5 cm away from the Ca-reservoir.  The solution of the P-
reservoir remained clear, indicating that most of the Ca ions were retained in the gel and did not 
reach the P-reservoir. 
Figure 5.27: Cross-section of Type I mineral bands showing the band formed in the 
chondrocyte-seeded section of the gel (A) and the band closer to the P-reservoir (B). 
Figure 5.26: Optical microscopy image of the mineral band formed at the edge of the 
chondrocyte-seeded gel section of Type I mineralization in the S-STRS with HEPES-custom 
media. 
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5.4.4.3 Mineral Analysis in the S-STRS in HEPES Buffered Media 
  The mineral bands were sectioned from the gel, washed thrice in 0.15 M NH4OH, freeze-
dried and analyzed via pXRD (Fig. 5.28).  There was not enough mineral from the smaller band 
in Type II mineralization to be examined via pXRD.  A broad hump between 13º and 23º was 
seen for all samples and attributed to the agarose gel.  XRD analysis of mineral formed in 
acellular STRS displayed a single sharp peak at 32º indexed to hydroxyapatite (HA, 
Ca10(PO4)6(OH)2) {211} and the absence of the peak for {002} in three out of four samples (Fig. 
5.28Ai).  The fourth sample showed peaks indexed for octacalcium phosphate (OCP, 
Ca8H2(PO4)6•5H2O) (Fig. 5.28Aii). 
 
 
 
 
 
Figure 5.28: pXRD patterns from mineral sectioned from the S-STRS with HEPES-custom 
media formed without cells present (A) and Type I mineralization (B) and Type II 
mineralization (C) in the presence of chondrocytes.  Miller indices of HA are indicated by the 
solid lines and Miller indices of OCP are indicated by the dotted lines.     
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The larger mineral band in Type I mineralization and the mineral band in Type II mineralization 
was determined to be OCP (Fig. 5.28Bii, C).  OCP crystals in Type II mineralization appears 
more crystalline and may be larger in size due to the shaper, more defined peaks present (Fig. 
5.28C).  The smaller mineral band in Type I mineralization appears to be HA. 
 
5.4.4.4 Chondrocyte Viablity in the STRS with HEPES Buffered Media 
  Chondrocyte viability in the S-STRS in HEPES buffered media in 0.4 cm and 2 cm cell-
seeded lengths was examined, as well as the viability in systems with Ca and P added to the 
reservoirs after 6 days of culture (Fig. 5.29).  It was observed in all systems a high degree of cell 
death through the length of the cell-seeded section for all samples where the cell-seeded sections 
closer to the Ca2+ reservoir (Fig. 5.29B section A) had viabilities above 11%.  Shorter cell-
seeded lengths maintained viabilities above 14% in sections A & B (Fig. 5.29B, section B), but 
dropped to slightly above 11% in section C (Fig. 5.29B, section C).  Longer cell-seeded sections 
had viabilities above 14% away from the center in section A and C, which fell to 9% in the 
center region (B).  On introducing calcium and phosphate into the system, where section A was 
closer to the Ca-reservoir and section C was closer to the P-reservoir, viabilities were above 14% 
closer to the Ca-reservoir and nearly 0% in sections B and C.  Chondrocytes maintained 
spherical phenotype through these experiments. 
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5.5 Discussion 
  Developing 3-D culture systems that allow for temporal and spatial gradients is 
challenging as the system needs to be confined, contain a source(s) for introducing the material 
of interest to form gradients in the system, and sustain cell health and viability through the 
duration of the experiment.  To form such a system, the Single Tube Reservoir System was 
constructed where cells can be seeded within an agarose-filled silicone tube that is fitted to two 
media bottles, which can dispense nutrients and introduce gradients of ions, growth factors, and 
other molecules or proteins of interest.  To improve agarose adhesion to the tube walls, PEI, a 
positively charged polymer, shown to assist in cell attachment [31], was coated on inner tube 
surface.  Studies utilizing PEI for gene transfection have shown PEI to be toxic to certain cell 
Figure 5.29: A. Viability of articular chondrocytes in the S-STRS with HEPES-custom media 
cultured in 0.4 cm cell-seeded length, 2 cm cell-seed length, and 2 cm cell seeded length with 
the appearance of Type I and Type II mineralization.  B. Viabilities were examined along the 
edge closest to the Ca2+ reservoir (A), center of the cell-seeded section (B), and the edge 
closest to the PO43-reservoir (C) (B).   
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types in a dose dependent manner [32] and with increasing positive charge [33].  Cell cultures in 
fully coated PEI tubes showed a region of cell death; henceforth tubes were either not coated 
with PEI or coated and left with a PEI-free section of tube for the cell-seeded section of gel.     
  Articular chondrocytes were able to go through cellular division, produce matrix, and 
sustain viabilities above 90% through 12 days of culture in the S-STRS in the presence of 
NaHCO3-custom media.  Cell division occurred earlier with the introduction of ascorbic acid into 
the system.  Despite maintaining viability above 90%, chondrocytes located in the center of the 
cell-seeded gel section produced less matrix and showed less cell division.  The length of the 
cell-seeded gel layer is limited as cells at the outer edges of the culture consume nutrients and 
other molecules or ions needed for function and deplete the amount that is able to diffuse 
towards cells seeded at the center of the cultures [34, 35].  The increased matrix production at the 
edges of the cell-seeded gel may also further restrict the exchange of waste and nutrients from 
the cells closer to the center [36].  The decrease in matrix production can be alleviated by 
replacing the media in the reservoirs every three days to introduce fresh nutrients to the cells, 
however increasing the length in unfavorable conditions leads to cell death, as seen in STRS with 
HEPES-custom media.  
  Buffers are an important component of the system in order to maintain pH suitable for 
cells and mineral formation.  Over time, chondrocyte cultures go through pH fluctuations from 
acid build up from anaerobic processes and buffers are required to maintain pH [37]. Here we 
examined cell response to sodium bicarbonate and HEPES buffer and mineral formation in Tris 
and HEPES buffer.  Cell viability was highest for sodium bicarbonate buffered media and low 
for HEPES buffered media although both buffers are commonly used in cell culture [38].  Tris 
has been demonstrated to be cytotoxic to cells in previous studies by preventing deactivation of 
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proteolytic enzymes which can break down the cell membrane and inhibit enzymatic binding.  
These effects are reduced in cultures with HEPES buffer [39], thus HEPES was used in the 
STRS to compare mineral formation in the STRS to previous work done in with the Boskey 
double diffusion system which uses Tris buffer [19].  HEPES buffer is a commonly used buffer 
for cell culture at concentrations up to 50 mM [40]; however studies have shown adverse effects 
on mammalian cells by disrupting ion channels [41] and the cellular membrane [42]. In 
chondrocyte culture, where there is acid built up, sodium bicarbonate has been demonstrated as 
the better buffer in maintaining pH and improving cell proliferation and matrix production [37, 
43].  These previous studies, as well as the experiments described here, demonstrate NaHCO3 to 
be the preferred buffer system for maintaining chondrocyte health and viability. None of these 
reports, however, have reported drastic decreases in cell viability for HEPES buffered media as 
was observed here, and therefore, cell death may not be due solely to the change in buffers.  
Additionally, for gradient studies involving calcium, NaHCO3 is an inappropriate buffer to use 
due to the precipitation of CaCO3 in the calcium reservoir. 
  Introducing cell culture media into the system adds complexity to the system as many of 
the components may interact with the gradient of interest.  Here, we used HEPES buffered media 
supplemented with 10% FBS, and 1% AB/AM in order to examine mineral formation in the 
STRS.  Fetal bovine serum contains significant amounts of fetuin-A, a protein known to inhibit 
mineralization by binding calcium phosphate to form mineral pre-nucleation clusters loaded with 
fetuin-A and acts as a mineral carrier at higher concentrations of calcium and phosphate [44].  
HEPES buffer also interacts with calcium, as shown by the change in mineral band formation 
with the aging of calcium-containing HEPES buffered media in this study and by others [40, 45].  
These factors may inhibit mineral formation so that mineral bands formed in HEPES buffered 
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media are more diffuse and form closer to the Ca-reservoir as compared to mineral bands formed 
in Tris buffer. These experiments demonstrate the need to establish controls for studying gradient 
formation in the presence of buffer and media before the introduction of cells. 
  Preliminary examination of mineral formation in the presence of articular chondrocytes 
in the STRS showed a shift in the location of mineral formation from the Ca-reservoir to the P-
reservoir.  The lower cell viabilities in HEPES buffered system with and without additional 
calcium and phosphate make it difficult to attribute the shift in band location to an active 
response from the articular chondrocytes to elevated levels of calcium and phosphate.  The shift 
may be due to the presence of proteins and enzymes released by the cells in death.  The thin 
mineral band found on the P-side of the cell-seeded agarose is intriguing, however further 
investigation is necessary to understand what is occurring in the system. 
 
5.6 Conclusions 
The STRS was developed to provide a system that could sustain cell viability and 
function within a 3-D culture environment that could be applied with 1-D diffusion of ions, 
gases, and nutrients.  The current form of the STRS has been optimized to sustain articular 
chondrocyte viability and health with sodium bicarbonate buffer; however this buffer restricts 
introducing gradients of chemicals, which will interact with the sodium bicarbonate buffer such 
as calcium.  HEPES buffered media, also used in conventional cell culture, had less interaction 
with calcium ions.  On replacing the sodium bicarbonate buffer with HEPES buffer, the STRS 
was not able to sustain cell health and viability above 90%.  Despite the inability to sustain cell 
viability, preliminary studies demonstrate that the presence of articular chondrocytes can affect 
mineral formation within the STRS.  Examination of what is being released by the articular 
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chondrocytes is necessary for understanding this shift in mineral formation.  Further work to 
optimize the system for cells in HEPES buffer is a prerequisite before understanding how the 
cells can actively affect the mineralization process.  The STRS is time intensive to set up and 
requires significant amounts of media and space; however it demonstrates the potential of such a 
system to provide answers on cell response to temporal and spatial gradients unavailable in other 
systems. 
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